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ABSTRACT 



auclMse hydrolysis »nd th. ...^ f "'^OS' «« assistant to 

certain bacterSL^U 52 cSti^! "IL"^"' '"i 

san pr.-.a«tt i„Ult l-a.tlg„ prodnctSon L SwVlJIcSaJ nnl.""- 



INTRODUCTION 



Closely reseabl^ the size InJ ge1::JS;%rtJf' '^f ^^^^^^ 
ester bond. However since thS I nucleic acid phosphodi- 

analogs are electroMutrar III f"8ar-phosphate backbones of these 
logical properties Sese'o^Lr^ ^*! """''"^ P^^^'^"^ bio- 

stable hydr%en-b ^der^ro^pl'Ses ii'S c '^'"'^ ^"^^^^ ^ ^ ™ 

(2) their resistance to hySrSJsifw "Pl^-e'^tary polynucleotides; 
CO be taken up intact by^Jl^S^ ^^/^^^^^^^ ^^S^/'^^^'^ 
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Figure 1 
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soeciSL^i^^vri^! of nonionic oligonucleotides suggest they c uld 
specifically bind to single-stranded regions of cellular nucleic acid 

expression of cellular or viral nucleic acids in a selective manner 
sJeSL';:;?' '*^' possibility by examining the effects ^ s^^enc;. 
mititl X °° aminoacylation of tRNA. translation of «RnI and 

splicing of pre-mRNA both in the test tube and in living cells The 
results of our experiments suggest nonionic oligon^Uofid^ ily 

f?rst bSSir/''"?^'"^'^ We Jill 

tilfd^irfil '^""J^* 'he physical properties of these anal gs and 

experiments designed to examine the biochemical and 
biological properties of these molecules. 



PHYSICAL PROPERTIES 



and f "hyl Phosphotriester [dNp(R)N] 

wMcr5jfJ«°fr:S!;: ^^""f? ^^^J" « - P^^- °f diastireSsomi: 

n Thl !ff- ! '^^^^^'^ =°'»5^8""'^°'» the phosphorous atom (Figur. 

cLfoSlJff phosphotriester group configuration on dirnL 

mort!^!^!t''v T^^^^ ^ detailed conf rmations of 

SeJeraiSS il r ^' absolute configuration of d-A£T has been 

a«?I!S L LJ^^,^''^"*^^°8raphy (16) while that of d-ApA has been 
assigned by NMR nuclear Overhauser enhancement experiments (15). 

stackiJ Snl?SrS.5° dinucleoside methylphosphonates ad pt 

IiaII "^formations in aqueous solution similar to those of dinuclet 
bo": r^SjSS'JJ'he'"' conformation of the sugar-phosph nate Uck! 
roJ«"n abJu^^, ^ ! T^^J^"* deoxyribofuranose rings and t^ 

ionJ«ho«nK . f"** * ''^'^y similar to that of the dinudeosic 

er thir?J-J"; ""'^^"S of d-A£A-S-isomer is slightly gr«t 

er than that of the R isomer and is almost identical to that f 




i 



I. 
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d-ApA. These differences in conformation nay result from t-h» 
differences in solvation of the two isomersr tS the hvdroJhohir 

interactions in the dimer. In contrast, the metSyl grouHn Se R 



TABLE I. 



Interaction of Ollgonucleoside Methylphosphonates with 
Complementary Polynucleotides (a) 



Oligomer 



Tm with poly(rU) 
(2U:U) (oc) 


Tta with poly(dT) 
(2T:1A) (OC) 


15.4 


18.7 


19. B 


18.4 


33.0 


36.8 


A3.0 


44.5 


7.0 


9.2 


32.0 


35.5 



d-A£A R- isomer 
S-isomer 

d-A£A£A 
cl-A£A£A£A 
d-ApA 
d-ApApApA 



(a) 5 X 10r5 M total (nucleotide). 10 mM Tris and 10 mM MgClz, PH 7.5. 
M^hor^Ji"* temperature of the S isomer complex is approximately 40 

v.rlous dIastetsoIsom.rs form comploe. of ,lMSl,r stability. 

iat.«"njz;::t«:n:;,iiirfii"sj"/'L 

These results suggest is mers of different backbone conf iguia^iSn* form 
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TABLE II. Interaction of NonionicOligothymidylates with 
Complementary Polynucleotides 



Oligomer 




Tm vlth poly(dA) 


Tm with poly(rA) 


d-(Tp(Et)]^T 


(a) 


18° (1T:1A) 


<0° 


d-(T£)gT 




22° (1T:U) 


<0° 


d-T£(TpT£)^T 


(b) 






Isomer 


1 


33.5° (1T:1A) 


19.5° (1T:1A) 


Isomer 


2 


2° (2T:U) 


0°^ 


d-(Tp)gT 




22.5 (1T:U) 


18.0° (1T:1A) 



potassiiim phosphate, pH 6.9. ~ 

VA^^^ - [nucleotide], 0,10 M sodium cacodylate, 

pH 6*o« 



complexes of unique stability with poly(dA) and poly(rA). This c n- 
So! K^T" confirmed by examining the alternating methylphosphonate/ 
phosphodiester ollgothymidylate analog, d-T£(TpT£)4T where the con- 

biSh^^f°%°!v^^*'^"'"^^^P**°^P**°°*'^ ^^'^^S^ ^« '^he same throughout the 
backbone of the oligomer and is denoted as type 1 or type 2 (19) . As 

'° ^"J'e °"«°"*' 1 configuration foims ^abJe 

complexes with both poly (dA) and poly(rA) while that with type 2 con- 
poly"!)?" * ""'^^ "^'^ Poly(dA) and no complex with 

... .I?* I? ""^^IJ^! °^ nonlonic oligonucleotide/polynucleotide c mplexes 
V.L tl ^"""^ changes in salt concentration. This effect results 
from the reduced charge repulsion between the nonlonic backbone f the 
nur?o^^!/ JJ^^^^^^*^^ ci^^rged sugar-phosphate backbone of the poly- 
s^ImSi!; repulsion also explains the Increased 

stabilities of nonlonic oligonucleotide/polynucleotide complexes versus 
those of oligonucleotide phosphodiester/polynucleotide complexes. 



CELL-FREE AMINOACYLATION AND PROTEIN 
SYNTHESIS BY NONIONIC OLIGONDCLEOTIDES 

Vo™„if!^r"?!Z^^!''"^'' nonlonic oligonucleotides form hydrogen-bonded 

ree? ^r^/JJiA^M/t^'^" ^° ^^epting stem and antic don loop 

trKl^m ifhTJ ^ ' ""^^ ^^"'li^S constants f 

tritium-labeled G9(Et)Gm(Et)U with tRNAPhe yeast, unf ractionated 
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tRNAE.coli and unfractionated ^PNAT. , i 



TABLE III. I.ter.ccl,. ot OUg„„„el„tUe. „lth T,.o,£„ RmW 




GpGpU 



d-G£G£T 



0 

25 
37 



63,500 
5,300 
750 



9,300 
1.900 
2,000 

103,000 
12,300 
1,100 



1,600 



A, 000 




^^ng"^^^^^^^^ -ionic oUgcers show relatively s^ll 

«U. dra»«ticalinS;LL"^,\=;;'^^«'^' that of the Jieste;. 

effect be due to seiaggreStJon o^r^ ' temperature. This 
temperatures, which would result 5n^ h "°°i°nic oligomers at low 

the tRNA. The apparent ass^JaLn con ^PV^^rent binding to 

cantly less than those of a?!^"^;^^";":??^ °' f-^iG^T are signifi- 
Photriester. This difference mrrrlfr ! ^°''"*=^^°'^"« ^thyl phos- 
conformation of the deoxJSS-'^rsus 2' oT.'^'l JJ""-""- in the 
these oligomers. Removal of the V rnf "^-^^thylribo backbones of 
tRNAE.coli by treatment with snake vSi^^K ^""^ unfractionated 

a dramatic reduction of the b?nS^c Phosphodiesterase results in 

indicates the major b^ndJ^g sJt^ IZlTlt 't' '""^ oligomers. ThL 
end of the tRNA. The observed residuS bLd?' ^ ""f^^ ^"^^ accepting 
t other complementary slngle-st^nJo! binding may be due to binding 
tRNA. ^ ^"8i= stranded regions of the unfractionated 

As shown in Tabl^ rxr 
inhibit cell-free SLoI^yXSo'rof n oligonucleotides 
Sine n-ethylphosphonates 2d rte pafe^fj/^^'^^'"^- OUgodeoxyadeno- 
inhibit cell-free aminoacylaWon of jL^Ly""' ^I^PApApA selectively 
inhibition is temperature deoenL^J '^^Afeys^^^^. The extent of 
oligomers to bind to SyfrSf ??!^f Parallels the ability of the 
previously dem nstrated literacy Joi'of^; /J^^^ °»'"rvations and 
suggest the inhibition 1^ co^-l! ''"^PApApA with tRNAfeygoli (23) 
-UUUU- anticodon lo P of tJe tSr^JS! H "^'^ binding r'Jhe ^ 

ne tKNA. The lower extent of inhibition 



526 



P. S. MUXER ET AL. 



observed with d-ApApGpA is consistent with this explanation, since 
interaction of this oligomer with the anticodon loop would inv Ive 
formation of a less stable G*U base pair. 



TABLE IV, Effects of Nonionic Oligonucleotides on Cell-Free 
Aminoacylation of Unfractionated tRNA^y®^^^ (a) 







% Inhibition 








Phe 


Leu 




Lys 




Oligomer 


o°c 


o°c 


0°C 


22°C 


37°C 


d-AgA 


6 


0 


7 






d-A2A2A 


9 


0 


62 


15 


0 




9 


12 


88 


40 


16 


d-A2_A£G2A 


12 


12 


35 


0 




d-G£G£T 


31 


5 


34 


9 


15 


(^(Et)Gp(Et)U 


39(b) 










d-ApApApA 


0 


7 


71(0,3(0 





d-GpGpT (400 uM) 

(a) Reactions were carried out in 100 mM Tris-HCl, pH 7. A, 
10 mM Mg(0Ac)2), 5 mM KCl, 2 ATP, 4 pM ^H-labeled 
amino acid, 2 uM tRNA using unfractionated E.c li amino- 
acyl synthetase in the presence of 50 yM oligomer. 

(b) yi^'z. 

(c) [oligomer] - 100 pM. 



Since the anticodon loop of tRNA^^^Qj^ji^ forms part of the synthetase 
recognition site (24,25), inhibition of aminoacylation by the methyl- 
phosphonates could result from a reduction in the affinity of the syn- 
thetase for the tRNA^ys-oligonucleotide complexes. Alternatively, 
oligomer binding to the anticodon loop may induce conformati nal changes 
in the tRNA, thus leading to a lower rate and extent of amin acylation. 
The greater inhibiti n by d-A£A£A£A versus d-ApApApA may be a c nse- 
quence of greater binding f the methylphosph nate analog to the anti- 
codon loop or to a decreased ability f the synthetase t displace the 
n ni nic oligonucleotide anal g. 
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Both phenylalanine and lysine aminoacylation are inhibited by the 
d-G£G£T at 0°, while little effect is observed on leucine aminoacyl- . 
ation. These differences may reflect differences in the ability of 
the oligomer to bind, to the -ACC- ends of the tRNAs. Inhibition of 
lysine aminoacylation by d-G^GaT is very temperature dependent while 
^iS'^^f^*^^" effectively inhibits phenylalanine aminoacylation even at 
tRNA* (Table JSj''^*"' Parallels the ability of the oligomers to bind to 

.ff.rtLl\°^ SJ^^^%^* °li8odeoxyribonucleo8ide methylphosphonates 
effectively inhibit polypeptide synthesis in cell-free systems derived 
trom E^coli and rabbit reticulocytes (17). Polvfm-,n,— i u , 
alanine synthesis is inhibited by olt^Zo^'^'j.^,J'i:^^^^^ 

lf llJl%ir''T\ T!;? ^"''^"'^ °^ Inhibition reflects the stabilities 
of the ollgomer/poly(U) complexes (Table I). Thus. d-ApApGoA. which 

^^''^^ """^^ ''^'^^ Poly(D). is A. 5-fold itss Iff active 
than d-A|AjgA£A. These observations suggest inhibition results from 
complex formation between the poly(U) message and the oligomers. It is 
unlikely inhibition results from non-specific interaction! of t^e 
oligodeoxyadenylate analogs with protein components of the translation 
systems, since no inhibition of globin mBNA translation by these 
analogs is observed in the reticulocyte system. 



TABLE V. Effects of Oligonudeoside Methylphosphonates on Bacterial 
and Mammalian Cell-Free Protein Synthesis at 220c 





% 


Inhibition 






E. coll 


Rabbit 


Reticulocyte 


Oligomer 


Poly(U) 
Directed 


Poly(D) 
Directed 


Globin mRMA 
Directed (b) 


d-A£A 


20 






d-A£A£A 


84 


81 




d-A^AgApA 


100 


77 


0 


d-A£A£G£A 


22 




0 


d-C2C£A£T 






61 ('^> 


d-G£C£A£C£C£A£T 








d-(T£)jT 






0(e) 


d-ApApApA 


13 


18 


0 




p. S. MILLER ETA 

(a) (poly(U)] - 360 wM in D; [oligomer J = 175-200 vM in base. 

(b) [oligomer] ■ 200 uM in base. ~ 

(c) [oligomer] - 246 uM in strand. 

(d) [oligomer] - 289 uM in strand, 

(e) [oligomer] - 300 uM in strand. 



? ?m t Phosphodiester d-ApApApA form c mplexes 

with poly(U) which have very similar Tm values (Table I) , the methyl- 
phosphonate analog more effectively inhibits translation. This effect 
may result from a decreased ability of the rlbosome to displace the 
nonionic methylphosphonate oligomer from the poly(U). Alternatively 
the phosphodiester oligomer may be susceptible to degradation by 
nucleases in the cell-free translation systems. 

d-C£C£A2T is complementary to the -ADGG- Initlation'codon region 
a;H^i°?T^>'^^ to the anUcodon region of tRNA^^^. d-GpCpApCpCpApT 
and d-(T£)5T are complementary respectively to the initiation cod n 
t °f J^abbit a and B globin mRNA. B th 

?3#V^? d-G£CEA£C£C£A2T effectively Inhibit incorporation of 

^^^^^^ d-(Tp)5T has no effect on translatio 

f inhibition by d-CtCpAET could be due to oligomer binding tc 
^i^nf =»f complementary sequences along the coding region of the 
globin mRNA as well as to the anticodon region of tRNA^". The lack f 

S^m!1'!pSa^^ suggests potential binding to the poly(A) tall of 

globin mRNA does not affect translation and also shows the bserved 
mniDltion is sequence specific. 

^/^^''^f^'' inhibition of bacterial protein synthesis can be affected 
by disrupting the interaction between ribosomal RNA and mRNA (26). 
Oligonucleoside methylphosphonates were synthesized whose base se- 
?ou;^!^^^^ complementary to the Shine-Dalgarno sequence (-ACCUCCU-) 

forMnJ/5^ TZr^nc ^T"^^ "^^A- This sequence is required 
for binding of the AOS ribosomal subunit to bacterial mRNA. A similar 

lliJl'^l ! K ^ eukaryotlc 18S rRNA, and rlbosome binding m st 
likely begins by recognition of the 5 '-cap site of eukaryotlc mRNAs. 

70S rliLi!-!"""*""^ °A ^-A£G£Ge.A£G£G£[3h]-T and d-A£G£G£[3H]T with 
W«h i^n;!n. Kf!."""*'* equilibrium dialysis. Tht heptamer has a 
Jife V iSf^Ji?* "S?^"^ '^^''^ diminishes with increasing tempera 

constlnr^? a! *° «PP"«i»ately ten-fold lower bindin? 

i A r^l'i - ^2^^- As shown in Table VI, d-ApGpGpApGpG 

Si il fS ftfS?^ rD'^'i' Significant inhibitory actlvities\S^ fe^2 

Sinine « ^o?^??'.^' ^^V ^f^? °° Poly(A)-directed polyphenyl 

alanine or poly(A)-directed polylysine synthesis. 



1 1 
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d-A£G£G£A£G£G£ 12.5 
25 
50 
100 



19 
39 



0 


0 


0 


0 


29 


14 


18 


80 


27 


0 


0 


0 



45 
75 
88 




«ve. .t high "litu. coSr.S™ " °° .ctlvity. 

binding to the ShLl^arni if luencr^r, ' consequence of oligomer 
vents the AOS riboso»e fr^blndtog " the^r^ P"" 
mRNAs. poly(U) and poly(A) lack soLJfll synthetic 
inhibition of translation by the oU^ri J ^^'^^^^ 
3'-end sequences of 18S rRN^ an! Jes^^SvI ^ "^"'^^d- Although the 
specifically lacks the -JcoccS ci5 ""^"^ similar, 18S rRNA 
oligonucleoJide methyJphoSSoiltercf"/?""'* '° '^'"'A. Thus, the 
the 18S rRNA of reticulocyte 

ribosoiaes.° stable complexes with 

OPTAKS OF 1101.I01IIC OlIOOirociEOHDES BY UVDIO CEUS 
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and oligonucleoslde methylphosphonates are readily taken up by 
mannnallan cells In culture. In the case of Gp(Et)G^(Et)[^H]-U and 
d-[Tp(Et)]j^[3H]j „ 1,4,6), the oligomers are rapidly taken up by 
transformed Syrian hamster fibroblasts (21; Killer and Jayaraman, un- 
published results) and subsequently metabolized. Analysis by chr ma- 
tography of the radioactivity recovered from cell lysates after a 2 hr 
incubation with (Et)Gp(Et) [^H]-U shows 27% of the label ccurs in th 
trinucleotide species d5(Et)cf (Et)U, G^G5(Et)U, G5(Et)G^ and G?gJu, 
28Z is incorporated as uridine or cytidine in high-molecular-weight 
RNA, and the remainder is found in various mono- and dimeric species. 
These results suggest the tries ter is taken up intact by the cells, 
deethylated, and the resulting phosphodiester linkages may then be 
further hydrolyzed by nucleases. 

The uptake of oligonucleoslde methylphosphonates by transformed 
Syrian hamster fibroblasts is quite different from that of the ligo- 
nucleotide ethylphosphotriesters (17). The rate and extent of uptake 
is consistent with passive diffusion of the oligomer across the cell 
membrane. Thus, after 1*5 hr., the calculated intracellular concen- 
tration is ^^177 uM when cells are incubated with 100 uM d-T£[3H]T. 
Both d-T£[3H]T and d-(T£)8 [-^HjT are taken up at approximately the 
same rates and to the same extents which suggests there is no size 
restriction to uptake over this chain-length range. 

Examination of lysates of cells exposed to the labeled methyl- 
phosphonates for 18 hrs. showed ^^70% of the labeled thymidine was 
associated with intact oligomer while the remainder was found in thym 
dine triphosphate and in cellular DNA. These results suggest the 
methylphosphonates which are recovered intact from the culture medium 
are slowly degraded within the cell. This degradation may result fror 
cleavage of the 3'-terminal [^H] thymidine N-glycosyl bond with subse- 
quent reutilization of the thymine base. The relatively 1 ng half 11' 
of the ollgodeoxyribonucleoside methylphosphonates may be of value in 
potential pharmacological applications of the analogs. 

Uptake experiments with E.coli B cells show they are permeable t 
d-Ap[3H]T, d-T£[3H]T, and d-T£T£[3H]T, but not to d-(T£)4[^H]T or 
d-(T£)8[3H]T. Thus, it appears analogs longer than A nucleotide unit 
cannot enter the bacterial cell. This size cutoff agrees with that 
found by others for oligosaccharides and oligopeptides (27,28). 
Similar results were obtained for other wild type gram positive and g 
negative bacteria such as Bacillus sub tills and Pseudomonas auerogenc 
Oligomers up to 7 nucleotides in length (e.g. d-A£G£G£A£G£G£( H]T) ar 
taken up by a permeable mutant of E.coli , E.coli ML 308-225. The out 
membrane of the cell wall of this mutant contains only small quantiti 
f lip polysaccharide (29) which may Increase the permeability of the 
cell wall toward the 1 nger oligonucleoslde methylph sph nates. 
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CELLULAR PROTEIN SYNTHESIS AND GROWTH 

s^nS^t^! /! ''r^^^" synthesis also inhibit cellular protein 

^ ?i ? ^"f °^l'*"erial cells and transformed hamster and 
human cells in culture (17,21,26). For example. GP(Et)(S(Et)S iJSbits 
Syiui'Li!:'j'f .K^^?"'' i° " dose-dependent manner in'^iransf olmed 
SluSL?^ fibroblasts (up to 90Z at 100 uM). During prolonged 

incubation, protein synthesis is inhibited for the first 4 hrs. and 
then resumes at approximately the same time when oligomer upSke S«lna 

J' V''^^" Gp(Et)G?(Et)U and oligonudeoside methvl- 

?S«?i°rr"/JJS cell-free aminoacylatiSn and proteiHyJ- 

thesis also inhibit growth of mammalian and bacterial cells as aJSved 
by their effects on colony formation. assayed 



TABLE VII. Effects of Nonlonic Oligonucleotides on Colony Formation 
by Bacterial and Mammalian Cells In Culture 



Oligomer 



X Inhibition 
E. Coll B BP-6^*^ 
50 pM 160 uM 50 uM 



HTB1080 



50 wM 



(b) 



d-A2A£A 
d-AgA£A£A 
d-G£G£T 
Gp(Et)Gp(Et)U 



3 
19 
7 



78 
11 



29 
36 
7 



31 
19 
9 




^p(Et)Gp(Et)U, was found t be a more effective inhibit r of spa 
c lony f rmation than was d-GpGpT This taI.iZ 4 J " 

relative inhibitory effects of fhI«- 1/ consistent with the 

tl n (see Table iJ). Ugomers n cell-free amlnoacyla- 



532 

P. S. MILLER ETAL 

Oligonudeoside methylphosphonatcs which are complementary to the 
Shine-Dalgamo sequence of 16S rRNA inhibit protein synthesis in E. 
coli ML 308-225 but not la E.coll B cells. Thus, for example, ~ 
d-A2G£G2A£GEG£T inhibits protein synthesis 20-A5Z but has no effect on 
RNA synthesis. This heptamer is taken up by E.coli ML 308-225 but n t 
EiCoii B. d-A£GEG£T has no effect on either cellular protein or RNA 
synthesis. This lack of inhibition was also observed in cell-free sys- 
tems (see Table VI) . d-A£G£G2A£G£G£T also specifically inhibits 
colony formation by E.coll ML 308-225 (see Table VIII) . This analog 
and d-A£G£G£T had no effect on colony formation by E.coli B and only a 
small inhibitory effect on colony formation by transformed human cells. 



TABLE VIII. Effects of Deoatyribonucleoside Methylphosphonates on 
Colony Formation by Bacterial and Human Cells 



Oligomer 



I Inhibition ~ 

E« coll B^^^ E.coll ML 308-225^^^ 



BTB1080 



(c) 



d-G£G2T 
d-A£G£G£T 
d-A£G£G£A£G£G£ 
d-A£G£G£A£G£G_2T 



0 
0 
0 



5 
0 

78 - 97 
67 - 97 



10 



(a) [oligomer] « 75 y M. 

(b) At either 22oc or 370C. 

(c) HTB1080 » Human tumor cells at 37*'c. 



We have also begun to investigate the possibility of inhibiting 
processing (splicing) of pre-mBNA by oligonudeoside methylphosphonates 
For example, we have prepared analogs complementary to nucleotides 5 
through 10 (d-G£G£T£A£A£G) and 8 through 13 (d-C£C£ApGpGpTp) of U, RNA. 
These sequences encompass the region of Uj. RNA believed to be involved 
in pre-mRNA splicing (30.31), We have also prepared a nonamer, 
d-A£A£T£A£C£C£T£C£A, which is complementary to the exon/intr n junction 
of the donor splice site of SV40-large T-antigen pre-mRNA. 

As shown in Table IX. d-C£C£A£G£G£T£ Inhibits the growth of trans- 
tormed human fibroblasts in mass culture and also inhibits c lony 
formation by transformed Syrian hamster fibroblasts. The greater 
inhibition of colony formation by the hexamer may result from pertur- 
bation of the cells during the critical period of attachment of the 
cells to the dish. The effects of d-C£C£A£G£G£Tp on hamster cell 
protein synthesis and RNA synthesis were also examined. In these ex- 
periments, RNA synthesis was inhibited 66Z in the presence f 50 wM 
Oligomer, while protein synthesis was inhibited 25%. ~ 
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% Inhibition 



Oligomer Cone. (uH) 
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Cb> BP6 - Transformed Syrian hamster fibroblasts. 
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(BSC40) were studied Non- of ^reen monkey kidney cells 

toxic effects on the'gro^J o BsjJS'^Sr '^y^- 

The production of T-antlSn was detf™JS.ri ^ three-day period, 

assay after BSC40 roiio determined by an inmunof luorescent 

oligomer Sr 2? L"s tSL X ^S''' Z'^t f '° P^"-" °f 

d-G£G£T£AEAEG lowS the levels of ^0^?^** d-A£A£T£A£C£C£TEC£A and 
suff icienflf to prevent ItriL^rrr u infected cells 

the other hLd i,i2:\xt:rdiz ii ;;%fScr'^^- ^-^^^^^ °° 

Snnd1frl"'°T'"""^ Methylphosphonates on SV40- 
infected African Green Monkey Kidney Cells 
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P.S.MIIXERETAL 

The results of our experiments suggest mRNA function may be 
selectively inhibited by nonionic oligonucleotides at two levels. 
Oligomers may be designed to inhibit translation of mRNA or alternative- 
ly processing of pre-mRNA may be prevented. In theory it should be 
possible to specifically inhibit the function of a singl-e cellular r 
viral mRNA. Experiments are underway in our laboratory to further 
characterize and extend selective inhibition of nucleic acid function 
by oligonucleoside methylphosphonates . 
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DNA synthesized in vitro using deoxynucleoside 
phosphorothioates as substrates is quite similar to nor- 
mal DNA in its biochemical properties (Vosberg, HJ*., 
and Eckstein, F. (1977) Biochemistry 16, 3633-3640). In 
order to investigate the effect of phosphorothioate 
((roups in DNA on the cleavage pattern of restriction 
endonucleases phosphorothioate double-stranded, cir- 
cular, replicative form of fd DNA was synthesized in 
l itro with Escherichia coli DNA polymerase I using 
native single-stranded DNA as template and mixtures 
of three normal nucleotides and one nucleoside phos- 
phorothioate analogue as substrates. The double- 
stranded products were hybrids with respect to their 
phosphorothioate content. Restriction analysis of nor- 
mal and phosphorothioate DNA with the restriction 
endonucleases Hae IH, Bam HI, Hpa II, Hmdll, Alu I, 
and Taq I showed that the enzymes were inhibited to 
different degrees depending on which of the nucleotides 
was replaced by the phosphorothioate. Most signifi- 
cant, inhibition was seen throughout with those DNAs 
which contained a phosphorothioate exactly at the 
cleavage site. Phosphorothioate substitutions at other 
positions, but still within the recognition sequences, 
were, except for Alu I, not or weakly inhibitory. Phos- 
ohorotioate nucleotides not present in the recognition 
v|quencea.did not affect at all the fragment patterns, 
rhe results show that recognition sequences of restric- 
5'»n cudonucleases can be selectively protected against 
i**avage by base-specific introduction of phosphoro- 
Jiioate groups into DNA. 



present study on the influence of phosphorothioate 
jps m DNA on the activity of restriction enzymes arose 
^ previous results demonstrating essentially normal incor- 

• ^iion of deoxynucleoside phosphorothioates into DNA (1). 

nucleotides carry a sulfur instead of an oxygen on the 
IJ 'sphorus of the deoxynucleoside triphosphate. Synthesis 
previous study was carried out with the single-stranded 
of the phages <^^X174 and fd as templates in cell-free 
■ ^as of Escherichia coli or with E, coli DNA polymerase 
^ products were double-stranded RF' DNA consisting of 

, J'** <^08ts of publication of this article were defrayed in part by 
<.nM^*w charges. This article must therefore be hereby 

<uUjertise7nent" in accordance with 18 U.S.C. Section 1734 

indicate this fact 

• - 'r!!li.^T?f^^"® double-stranded, circular, repU- 
'-^n ^ Pw^^ 2'-deoxynucleo8ide 
TV^ 5^ **NMPS. 2'.deoxynucleo8ide S'-O-phosphorothioate; 

. i -deoxynucleoside S'-O-d-thiotriphosphate); dNMPS-RF. 

M ni^o^r^^ '^^^^ covalenUy closed super- 

"f^A; RFII, double-stranded, circular fd DNA with a 



one native unmodified strand and a complementary strand in 
which one of the normal nucleotides was replaced by th 
corresponding nucleoside phosphorothioate. Not only synth - 
sis but also ring closure of nicked double-stranded circular 
DNA molecules occurred readily. Product analysis of phos- 
phorothioate phage DNAs did not exhibit gross changes in 
the physiochemical properties of these DNAs as compared to 
their unmodified counterparts. 

Because of the known slow enzymatic hydrolysis of phos- 
phorothioate intemucleotidic linkages by snake venom phos- 
phodiesterase (2) and the nucleases associated with E. coli 
DNA polymerase I (2. 3) as weU as T4 DNA polymerase (4), 
we decided to investigate the restriction cleavage pattern of 
phosphorothioate fd DNAs which had been synthesized in the 
presence of one of the four nucleotide analogues. With each of 
six restriction endonucleases, the consequences of differaitial 
replacement of any one of the four normal nucleotides by th 
respective phosphorothioate analogue were investigated. Four 
of the enzymes tested cut DNA frequently {Hae HI, Hpa II, 
Alu I, Taq I), whereas two cut infrequently {Bam HI, HindD). 
Our results show that, in general, a phosphorothioate group 
present at the site of cleavage decreases the rate of hydrolysis. 

MATERIALS AND METHODS 

iVuc^fide«— Deoxyadenosine, deoxycytidine, deoxyguanosine, 
and deoxythymidine 6'-0-(l-thiotriphosphate) were prepared as pub- 
lished for ATPaS (5). The chemically synthesized mixtures of dia- 
stereomers of these nucleotides were used. [^dTTP was purchased 
from Ameraham/Buchler with a specific activity of 19.6 Ci/mmoL 
, Nonradioactive nucleotides were obtained from Boehringer Mann- 
heinL 

Enzymes— Proteinase K (EC 3.4,21.14) was from Boehringer 
Mannheim. E, coli DNA polymerase I (EC 2.7.7.7) with an activity of 
--10.000 units/ml and a spedfic activity of 2500 units/mg was kindly 
provided by Dr. K. Geider, Heidelberg. T4 DNA ligase (EC 6.6.1.1) 
was purified essentially according to a published procedure (6) from 
E. coli B infected with T4 amN82 (7). Restriction endonudease Alu 
I (EC 3.1.23.1) was a gift from Dr. T. Meyer, Heidelberg. The 
restriction endonudease Hae III (EC 3.1.23.17) was isolated according 
to Robierts et al (8) by Dr. T. Winkler, Heidelberg. Endonudeases, 
Hindn (EC 3.1.23.20), Bam HI (EC 3.1.23.6), Taq I (EC 3.1.23.39), 
and Hpa U (EC 3.1.23.24) were from Boehringer Mannheim. 

Other Materials— Agaxoae (L.E. grade) was from M. C. I. Biomed- 
ical, Rockland, ME. Ethidium bromide was from Boehringer Mann- 
heim. 

Synthesis of fd RF in Vi£rt>— Wild type single-stranded fd DNA 
was extracted from phage partides as described (9), The reaction 
conditions were essentially according to Oertel and Schaller (10). The 
assay volumes (2 ml) contained 200 ^ig of single-stranded fd DNA in 
50 mM Tris-HCl, pH 8.1, 0.1 M KCl, 6 mM MgCU. 50 ^g/ml bovine 
serum albumin. Synthesis was primed with oligonudeotides (approx- 

discontinuity in at least one strand; RFIII, double-stranded, linear fd 
DNA; RFIV, circular, covaienUy dosed relaxed fd DNA 
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imately 15 to 20 bases long) prepared from denatured calf thymus 
UrtA by limited digestion with pancreatic DNase and subsequent 
fractionation of fragments on Sephadex G-100. Four to six primer 
molecule were present per fd DNA molecule on the average. Normal 
nucleoudes were 0.5 mM each. Deoxynucleoside phosphorothioates 
were 1 mM. To momtor fd RF synthesis, [^H]dTTP (specific activity, 
240 mCi/mmol) or [^H]dATP (specific activity. 180 mCi/mmol) was 
mcluded m the mixture. 

Approximately 100 units of DNA polymerase I were applied per 
assay. Pnor to addition of the enzyme, the reaction mixture was 
premcubated for 15 min at 45 °C in order to anneal the priming 
ohgonucleotides to the fd DNA templates. Synthesis was carried out 
overnight at room temperature. After approximately 12 to 15 h ATP 
7^^ T^M A °^ ^ concentration) together with roughly 10 units 

I V n^i'ture was then incubated for 3 h at 30 '^C 

and the reaction was stopped by addition of 10 mM EDTA. To remove 
free nucleotides, DNA was passed over a Bio-Gel A-1.5m columh (38 
^mVt?^ A^'Jif^"*^, ^ 10 mM Tris-HCl pH 7.6, 20 mM NaCl, 1 
mMEDTA. TTie peak fractions containing fd RF were coUected and 
centnfuged m CsQ density gradients containing ethidium bromide to 
M <^valently closed RFIV from nicked and linear RF molecules 
(11). The lower band DNA was cut out itom the gradient and, after 
butanol extraction of the dye. dialyzed against Tris-HCl, pH 76 20 
mM Naa, 1 mM EDTA. About 40% of the input single-stranded fd 
DNA was usually converted into RFIV DNA. 

Res^iion Enzyme Assa>5-Incubation mixtures contained the 
foUowu^ buffers. Bam HI and Hoe IH: 6 mM Tris-HCl pH 7.4, 6 mM 
MgClj. 6 mM ^-mercaptoethanol; Hpa H: 10 mM Tris-HCl, pH 7 4 10 
mM MgCl,. 6 mM KCl 1 mM dithiothreitol; /fwdH: 10 mM Tris-HCl 
^ ^ ^ N^^^ 6 ^-mercaptoethanol; Alu I 6 

T "^^^ ® °^ ^^^'^ ® /ff-mercaptoethanol; Tool: 
10 mM Tns-Ha. pH 8.4, 6 mM MgCl^, 6 mM /^-mercaptoethanoLAU 
reaction volumes were 30(0. Tag I assays were incubated at 65 *»C aU 
others at 37 **C. 

DNA Fr<^nt Analysis—The restriction fragments were ana- 
lyzed by ^1 electrophoresis in either 1% agarose (in 40 mM Tris- 
acetate, pH 7.8, 5 mM sodium acetate. 0.5 mM EDTA) or 10% polv- 
acrylamide (in 45 mM Tris^borate, pH 8.3, 1.4 mM EDTA). DNA was 
visuahzed ^r staining with ethidium bromide with short wavelength 
ultraviolet h^t (286 nm) and photographed with Agfapan Type 100 
professional film. *^ 

RESULTS 

Restriction by Hoe III Endonuclease^ThSs enzyme rec- 
ognizes the nucleotide sequence 5'-GGCC.3' and produces 
blunt ended polynucleotides by cutting between G and C Ten 
fragments are generated with normal fd RF (12). Phosphoro- 
thioate fd RF shows an altered pattern of restriction fragments 
oi^y after replacement of dCTP by dCTPaS. Substitution of 
other nucleotides does not change the distribution of frag- 
ments as compared to cleavage of normal DNA (Fig. 1). A 
cl se inspection of the bands produced with dCMPS-RF ex- 
hibits roughly two classes of fragments: a minor fraction of 
^gments, most of them smaUer than the largest normal 
fra^ent A (2528 base pairs) (12). and second, a major fraction 
of fragments aU larger than fragment A. On 1% agarose gels 
which resolve these larger fragments better than do 10% 
polyacrylamide gels, at least four discrete bands are discrimi- 
nated m tiiis region (not shown). It can be deduced from the 
known /foe IH cleavage map of fd RF that these fragments 
anse from mfrequent cuts randomly occurring at some of the 
Hoe in sites of this DNA. The length distribution of these 
mtermediates suggests that probably not more than 3 out of 
10 possible cuts occurred in most of these DNA molecules 
leadmg to larg fragments with overlapping sequence organi- 
zation. We assume, theref re. tiiat Hae lU cleavage sequences 
ar more or less equally affected by the phosphorothioate 
substitutions with dCTPoS. 

The experiment in Fig. 1 was done with 1 unit of enzyme/ 
UNA sample. Increasing the concentration up to 10 units/ 
sample was not sufficient to produce the normal limit products 
with dCMPS-RF. Even at this high enzyme concentration, 
most of the fragments were found at intermediate positions 
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Fig. 1. Restriction by Hae HI endonuclease. l-/ig sampi«- 
normal or phosphorothioate fd RF-DNA were incubated for r • 
with approxinoately 1 unit of enzyme. Fragments were analyzed or' 
10% polyacrylamide geL Positions of fragments A to / of nomuu 
RF are mdicated. Fragment J is not resolved by the ethidium-aaimrj 
procedure. The substituting nucleotides are depicted on top of 
corresponding lanes. The left lane is designated by dNMP ar^ 
contains unsubstituted fd RF as a control 

indicating a strong inhibitory effect of dCMPS on the Ha^ Hi 
activity. Although we cannot exclude the possibility that somr 
of the recognition sequences are totally refractive to cleava«r 
due to niismatehing. we take these results as indication thai 
the primary cause for cleavage inhibition is the presence oi 
two phosphorothioate groups adjacent to the C residues \:. 
the cleavage sequence, with one being at the cleavage site 
itself. If miamatehing were a frequent event, a substitution ot 
dGTP by dGTPaS should also produce a significant inhibition 
of cleavage by this enzyme, which is not observed. 

Restriction by Bam HI Endonuclease— This enzyme rec- 
ognizes the sequence 5'-GGATCC-3' and cleaves between the 
two G residues. Normal fd RF has two cleavage sites for Bam 
HI (12). The most prominent inhibition is seen after replace- 
ment of dGTP by dGTPoS (Fig. 2). dCTPaS inhibits to a 
lesser degree. Neither of the other two nucleotide analogues 
exerts any effect on the cleavage activity of this enzyme. A 3- 
fold increase of the enzyme concentration resulted in complete 
digestion even of dGMPS-RF. Similar to Hae IE, the most 
conspicuous effect on Bam HI activity is seen with thai 
nucleoside phosphorothioate which is incorporated into the 
cleavage site of this enzyme. 

Restriction by Hpa II Endonuclease— This enzyme which 
recognizes the sequence 5'.CCGG-3' generates 15 fragments 
with normal fd RF (12). Most prominent inhibition of Hpa 11 
is observed after replacement of dCTP by dCTPaS (Fig. 3|. 
Very httie inhibition is seen in DNA containing dGMPS, but 
the other two nucleotide analogues do not alter the cleavage 
pattern. An increase of th enzyme concentration up to 5-fold 
has only a moderate effect on the length distribution of 
fragments obtained with dCPMS-RF (not shown). Thus, the 
inhibition of this enzyme by the presence of phosphorothioate 
groups in fd DNA is str ng. 

Restriction by Alu I Endonuclease— The cleavage sequence 
of this enzyme is 5'-AGCT.3'. fd RF is normally cut into 16 
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Fig. 2. Restriction by Bam HI endonudease. Mixtures con- 
taining 0^ /ig of normal or phosphorothioate fd RF were incubated 
*ith about 0.2 unit of enzyme for 30 min. Cleavage products were 
analyzed on a 1 % agarose geLAandBarethetwo standard fragments 
obtained with fd RF. Migration positions of RFIV (or RFII) and 
partiaUy cleaved ftiU length linears (RFIII) are marked. The substi- 
tuting nucleotides are depicted on top of the corresponding lanes. 
The ieft lane is designated by dNMP and contains unsubstituted fd 
RF as a control 
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observed after cl avage of the different phosph rothioate 
DNAa, w d educe the following order of inhibitory strength- 
dCTPaS > dTTPoS > dATPaS » dGTPaS. 

Fig. 4 ah W8 th cleavage products of dAMPS-RF and of 
dCMPS-RF after electroph resis on 1% agarose. Th c mplex 
fragment distributions of the two different phosphorothi ate 
DNAs were consistently reproduced. The gel patterns sh w 
little overlapping in the composition of the fragments pro- 
duced with Alu 1. At least 10 bands obtained with dCMPS- 
RF are not seen after cleavage of dAMPS-RF, and 6 fingm nts 
produced with dAMPS-RF are not detected am ng th 
dCMPS-RF bands. The distribution of fragments after cleav- 
age of dTMPS-RF (not shown here) does not coindd with 
either of the sets of fragments in Fig. 4. (dGMPS-RF is nly 
weakly inhibitory. A^u I cleavage leads to a mixture of n rmal 
limit products and only some extra fragments not seen with 
unsubstituted DNA.) These results indicate that difif rent 
substitutions within a given Alu I recognition sequ nee have 
differential effects on the cleavabihty of this sequence. Th 
reason for this complex behavior of A^u I is not kn wn. 
Conceivably, this enzyme recognizes more than only the 
tetranucleotide AGCT. 

Digestion with higher concentrations of enzyme as, e^. 
applied in the experiments of Pig. 4 suggests strong inhibiti n 
of Alu I by dATPoS, dCTPaS, and dTTPaS, respectively, 
and weak inhibition by dGTPaS. 

Restriction by Hindll Endonuclease^Hm eaizyme recog- 
nizes the general sequences 5'-GTPYPUAC-3' and cleaves 
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»^ 3. Restriction by Hpa U endonudease. The assays con- 
« of normal or phosphorothioate DNA and 1 to 2 units of 
^.inc. Incubation was for 30 min. Fragments were analyzed on a 
.V ^'yf^^lfmide geL The normal fragments A to H are visible; 

'^er fragments I to 0 are not resolved. The substituting 
^tides are depicted on top of the corresponding lanes. The left 
^^aesignated by dNMP and contains unsubstituted fd RF as a 

1^ k"? ^ contrast to th other enzymes tested, Alu 
V>Jr ^ nucleotid substituti ns. There is, 

^ inaT * in the d gree of inhibiti n by the individ- 

^ 4CTP^^* Inhibition is strongest by replacem nt of dCTP 

y^f- Since cleavage occurs between G and C, substi- 
^ Of the latter is accompanied by placing a phosph ro- 

^^oup at the cleavage site. From the size distributi ns 
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Fio. 4. Restriction by Alu I endonudease. Three mixtures 
contained 1 ^ig of normal fd RF. dAMPS-RF, and dCMPS-RF, re- 
spectively. Normal RF was incubated with approximately 1 unit of 
enzyme for 30 min. dAMPS-RF and dCMPS-RF were incubated for 
90 nun with 5 to 10 units of enzyme each. The cleavage products were 
analyzed on a 1% agarose gel The /e^ tone contains untreated fd RFl 
as a position marker. The lanes with the cleavage products are marked 
by dNMP (normal DNA), dAMPS (dAMPS-RF), and dCMPS 
(dCMPS-RF). Positions of the normal fragments A to £ are desig- 
nated on the left side. Fragments F to P were already elated from the 
geL The schematic presentation of cleavage fragments on the right 
side demonstrates numbers and relative positions of bands obtained 
with dAMPS-RF and dCMPS-RF, respectively. These patterns were 
derived from a densitometric scan of the Agfapan film used for 
photography of the geL 
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betwi^en the* central pyrimidine and piuine residues. This 
sequence occurs in normal fd RF once with T as pyrimidine 
» and A as purine, respectively (12). Inhibition of this enzyme 
is seen only after substitution of dATP by dATPaS (Fig. 5). 
The inhibitory effect of this analogue is moderate. A 5-fold 
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Fig. 5. Restriction by HindU endonuclease. The assays con- 
teined 0.1 /ig of normal or phosphopothioate fd RF. The DNAs were 
dig^ted with approximately 0.1 unit of enzyme for 30 min. Reaction 
products were analyzed on a 1% agarose geL The substituting nucleo- 
tides are indicated on top of the conresponding lanes. The left lane 
(designated by dNMP) contains unsubstituted fd RF. 
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Fig. 6. Restriction by Taq I endonuclease. The assays con- 
tamed 1 fig of normal or phosphorothioate fd RF and about 1 unit of 
enzyme each. Samples were incubated for 30 min. Products were 
Mialyzed on a 10% polyacrylamide gel. Positions of normal fragments 
AU>JaTe mdicated. The substituting nucleotides are designated on 
top of the corresponding lanes. The left lane (dNMP) contains 
unsubstituted fd RF. 



increase in enzyme concentration is sufficient for r 
cleavage of dAMPS-RF. ^^^P\h, 

Restriction by Tag I Endonuclease — Tag I is acti\> 
65 **C and cleaves within the recognition sequence 5' jcr * 
3' between T and C. It produces 10 fragments with norm;*! ^ 
RF DNA (12). The most striking effect on cleavage is ' 
with dCTPaS substituting for dCTP (Fig. 6). Inhibitirr' 
moderate. A 5-fold increase in enzyme concentration 
sufficient to produce an ahnost normal length distribution ■ 
fragments. dATPaS has a slight effect on restriction Howev 
dGTPaS and dTTPaS both do not affect the activity of th . 
enzyme at all. Again, a phosphorothioate group at the cleavH;;^ 
site is significantly more operative than substitutions at othr- 
locations. 

DISCUSSION 

Nucleoside phosphorothioates have found wide applicator 
for the determination of the stereochemical course of enz\^ 
matic nucleotidyl and phosphoryl transfer reactions (13-i->. 
However, the increased stability of these compounds againli 
enzymatic hydrolysis has also made some of them useful for 
an understanding of the role played by the parent compound, 
in some more complex biochemical systems (13). 

We had earlier incorporated dNTPaS into fd and <>Xi:4 
DNA, mainly with the hope that the sulfur might react inith 
heavy metals as a first step in the development of a physical 
method to sequence DNA (1). Although complexes of plati- 
num reacted stoichiometrically with the phosphorothioate- 
analogues of poly(A-U) (16) and tRNA (17), the reaction with 
phosphorothioate DNA has so far been unsatisfactory. 

Our previous results indicated (i) a rate of incorporation of 
these nucleotide analogues into fd or <^>X174 RF DNA which 
was only moderately below the rate obtained with nomial 
nucleotides, and (ii) the absence of gross changes in a variety 
of biochemical properties of phosphorothioate DNA (1). Fur- 
ther, we deduced from the amount of [^S]dATPaS incorpo- 
rated into <^X174 RF that the base composition of phospho- 
rothioate DNA was very close to that of normal DNA. Inde- 
pendent data supporting this view have recently been pre- 
sented by Kunkel et aL (4). There, in vitro synthesis of 
phosphorothioate phage DNA was combined with in vivo 
analysis of reversion frequencies. Calculated from the ob- 
served reversion rates of normal and phosphorothioate DNA 
synthesized with E. coli DNA polymerase I, an increase in 
the error frequency by a factor of 20 was calculated. This 
increase is due to a selective inhibition of the 3' 5' proof- 
reading exonucleolytic activity of this DNA polymerase. Thus, 
with phosphorothioate nucleotides, the rate of errors in DNA 
increases from 2 x 10"* to about 1 x 10~^ 

Since phosphorothioate diesters are also hydroiyzed much 
more slowly than phosphate diesters by other phosphodies- 
terases such as snake venom phosphodiesterase (2), we de- 
cided to compare restriction patterns obtained with nonnai 
and phosphorothioate fd RF DNA to see whether these en- 
zymes too were slow in hydrolyzing phosphorothioate diesters. 

Of the six restriction enzymes tested, all exhibited distinctly 
altered patterns of restriction fragment formation with phos- 
phorothioate DNA (see Table I). The most significant inhib- 
itory effects were seen with those phosphorothioate DNAs 
expected to c ntain a nucleoside phosphorothioate within the 
otherwise correct recognition sequence at the site of cleavage. 
The enzyme Hae m, for example, cuts between G and C 
within the sequence 5'-GGCC-3'. DNA synthesis in the pres- 
ence of dCTPaS should place a phosphorothioate group on 
the 5' side of C and on the 3' side of that G flanking the 
cleavage site. We observe that, whatever the actual locations 
of phosphorothioate groups are, fd RF synthesized with 
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Table I 

Inhibition of restriction endonucieases by phosphorothioate 
deoxynucleosides 



Enzyme 



Recognition 
sequence" 



Inhibiting 
nucleotide 



Strength of inhibition 



HaelU 
Bam HI 
Hpall 
Alul 

Tag I 



i 

GGCC 
i 

GGATCC 

I 

CCGG 
i 

AGCT 
1 

GTTAAG* 

I 

TCGA 



dCTPaS Strong 
dGTPaS Moderate 

dCTPaS Strong 

dGTPaS Weak 

AU four Strong with dCTPaS, 

dTTPaS, and dATPaS, 
weak with dGTPaS 

dATPaS Strong 

dCTPaS Moderate 
dATPaS Weak 



" Cleavage sites are indicated by arrows. 
* The general sequence is GTPYPU AG. 

dCTPaS is cleaved by Hoe m at a significantly reduced rate. 
A common feature shared by all six enzymes tested is that 
inhibition is strongest with those DNAs which contain a 
phosphorothioate diester at the cleavage site. This result is 
summarized in Table 1. Thus. Bam HI is inhibited by dGMPS 
residues in the DNA, HindU by dAMPS, and Alu I Hpa H 
Hae m and Tag I by dCMPS. To investigate the specificity 
of this inhibition with respect to the position of the phospho- 
rothioate group, it was important to assess the influence of 
phosphorothioate substitutions at other positions in the rec- 
ognition sequence. If there was an influence on the rate of 
cleavage by phosphorothioate groups at other than the cleav- 
age site, one would expect also to see inhibition by such 
substitutions. These experiments show, however that 
dGMPS-DNA is readily cleaved by Hae IH. DNA synthesized 
m the presence of dATPaS, dCTPaS, and dTTPaS is an 
almost normal substrate for Bam HI and the presence of 
iGMPS or dTMPS does not alter the substrate properties of 
uch DNA for HindR, However, there is some inhibition of 
iipa II by dGMPS incorporation and I is not only in- 
Mbiied by dCTPaS as expected but also by the other three 
analogues to various degrees in the approximate order 
'TiPaS > dATPoS » dGTPaS. Nucleotide analogues which 
not normaUy occur within the recognition sequence such 
dATPaS in the Hae UI sequence have no effect on the 
j-^ayage pattern (see data for Hae IH. Hpa II, and Hindm in* 

"J^us, the interpretation of the cleavage patterns is straight- 
'"^■ard for the enzymes Hae IH, HindU, and essentiaUy also 
'"J^^ The conclusion there is that the inhibition 
^served is due to the incorporation of a phosphorothioate at 
> cleavage site. That this inhibition is due to the slow 
j«roivsis of the phosphorothioate diester rather than a mis- 
•^tch at the cleavage site introduced during polymerization 
uu ^^^^^ °^ phosphorothioates is evident from the 
» J"^ !^ ^"^^^ error frequency of 

UNA polymerase I. The factor of 20 for the increase in 
u ^®*^^^cleoside phosphorothioates are sub- 

' **tnough significant in terms of mutational stability of 



6599 

^ysi? ^ resolved by our restriction pattern 

Inhibition of the enzymes Hpa H, Alu I. and Too I is also 
observed when the other nucleotides present in the recogni- 
tion sequence are replaced by phosphorothioates although 
mhibition by mtroduction of a phosphorothioate into the 
cleavage site is strongest. Since the weaker inhibition of these 
enzymes observed with some other phosphorothioate nucleo- 
tides cannot be due to base mismatching (4), it probably has 
Its cause in some as yet unidentified influence of the neigh- 
boring groups on the rate of hydrolysis at the cleavage site. 

The results presented here imply the practical consequence 
of selective protection of in vitro-made DNA against un- 
wanted degradation by restriction endonucieases. For in- 
stance, cDNA could be synthesized in the presence of one of 
the deoxynucleoside phosphorothioates. Subsequent j ining 
of this DNA to appropriate DNA linkers containing defined 
recognition sequences for restriction enzymes would allow 
processing of the linker regions with the cDNA fragment 
bemg msensitive to the processing restriction endonuclease. 
Sunilarly, by incorporation of dNTPoS at sticky ends of 
restriction endonuclease fragments, these can be protected 
against degradation by exonucleases (18). Thus, these ana- 
logues may be useful for certain in vitro manipulations of 
DNA. 

Acknowledgment— V/e wish to thank U. Buhre for airiiifi il technical 
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Synthesis and Ch^cterization of an Octanucleotif Containing the £c<,RI 
Reeognmon Sequence with a Phosphorothioate Group at the CltavagS 
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abstract: The synthesis and charaaerization of an octanu 

quence of the £roRl restriction endonucleasc with a ohos- 
p^th-oatc internucleotidic linkage at the cleav^'ge ite a" 
descnbed. Two approaches for the synthesis of the and 

% t? of s»«f"r instead 

of H,0 to the phosphite at the appropriate position dui^s 

stercomers that can be separated by high-performance liquid 

uses the presynthesized and diastereomerically pured? 



Re 



straps DN^Ir^ """^^ •='^«'8e of double- 
stranded DMA at sequence-specific sites. Although these 
cn2yrnes are umnensely important in genetic engin«ring hSe 

( 982)]. The recoit advances in the efficient synthesis of small 
0 hgonucleofdes have made it possible to un^S a vS 
of mechamsuc investigations with these enzymes wr^d 
observed earUer (Vosberg & Eckstein, 198^aTcerSn re 
stncuon enzymes including £foRI (B. V. L. Pot^H P 
Vosberg. and F. Eckstein, unpublished resulu) a« ^tiaSe ci 
cleaving phosphorothioate intemucleotidic linkages w^en in- 
^rporated mto the (-) stiand of fd DNA, althoui at .S^c^ 
ates. This suggested to us that it should be fSibleto S 
tcrmme the stereochemical coune of such an en^e 
providing we could synthesize an oligonucleotEnuSng 
the appropriate recognition sequence with a phosphoroSS 
nternucleoudic linkage of known absolute configSrS 
Z^Th% ^^-rl«--ta.yzed hydroE'^e 
LS' ^ subsequent nuclease PI cleavage of the 
[h^^ "^""^ ^"^^ deoxynucleoside 1.^0]. 
amllr! ""u"^ "•""'"^ configuration should be 

U983a.b)]. The knowledge of whether such an enzymatic 
D?rioT^' 1!' "^'f of cSnfiguS 

of i!^^ T"* intermediate and thus limits the number 
of mcchaiusms that can be proposed for an enzymatic rea^oT 

t^^tion «f"r^'* synSandThmJ: 
icrization of the octanucleotide d(GGsAATTCC^ whJrh 

•nd At^^^^S^t-Z:^, Htnnwer, Wen Germany (A.P.). 



nucleoside phosphorothioate d[Gp(S)A] for the additi n to 
the growing oligonucleotide chain as a block. The products 
are charactenzcd by digestion with nuclease PI. fast atom 
bombardment mass spectrometry. ^'P NMR spectroscopy and 

^NTrp°?^'^"'^)''y*'«"'f''"»'i<'»**thto;jine. 
Unly the Rj, diastereomers of d(GGsAATrCC) and its 5'- 
phwphorylated derivative are cleaved by £coRI endonucleasc. 

l.''y'*™'yf « than that of the unmodified 
^J^i 'n P'«»Pl'orothioate octamer will be useful for the 

tltZ A stereochemical course of the EcoRI- 

catalyzed reaction. 



Materials and Methods 

ri^i "If Pharma.Waldhof 

cWonde. and isopropionyl chloride were purchased from EGA 
Chemie (Steinheim. West Germany) and wete redistilled 

wiTul^ed'f ' °f 

to^r^H-^ '"?1T.°" and 0.05 mmHg prior 

to use. FVidme. 2.6.1utidine, and Ar-ethyldiisopropylamine 
were purchased from Merck (Darmstadt. WesSSn J) and 
were refiuxed with and then distilled from calcium hTdrWe 
and stored over 4.A molecular sieves. Acetonitrile used in the 
M^id-phase nucleotide synthesis was an HPLC grade reagent 
II!.?- nn^*"'' Chemicals (Deventcr, Holland). It usually 
contains 0.01% water but was stored over 4.A molecular siev« 
and otherwise used as supplied. THF' used in the solid-phase 

0.01%) as was Me^SO (maximum H^O content 0.03%) used 

Z^^^^^'^^f^^^^i^i^^- -nwsc solvents 
wre also stored over 4-A molecular sieves. AU other solvents 
used m the preparation of oligonucleotides were p.a. grade and 
were stored over 4-A molecular sieves. Nuclease PI (200 
units/mg) was obtained from Sigma (Munich. West Ger- 
many), and alkaline phosphatase (from calf intestine, 2500 
units/mg, molecular biology grade) was purchased from 
W^a«?fr!f (West Germany). Polynud otide 

kinase (from T4 infected £. coli, 5 units//iL) was a product 

m.'.)^«.v•^''"'"*"*• JAB. fast atom bombardment; NMR. nuclear 
^1^'"?= high-performance Uquid ch«,ma ographj 

meS'v . li'^! chromatography: THF. tetrahydrofu™,; Mejo. dl 
fm^™; '^"•'yiammomum a«ute: TEAB, Sethy - 

HcTZf^,S"''*"''!f=P'^'^- "hylenediaminetetraaceUc acid; Trt 
hl^jL .r^i °''™"*'>''^*'"'"«''»"'«ane hydrochloride; Hepes. ;V-(2- 

aSno^vl) f'^/i r*!^^^^'- '''*«»^P«'ia»ter«omer,of 5'-OL(2'-deoxy. 
aZ^^^A ^•<'-<2-<>«>xyguanosyl) phosphorothioate; dAMPS, 2'- 
?GG?AA?Vrrf 5'-0-pho.phorothioale: (R,)- and (S )-d- 

/bO<^ aS^?'"'?'""« " «»(Gp(S)Al unit instead of d(OpA): d- 
S?h^I^^<9a.,'5! ^'-phosphorylaied ocumer. OKfTdG'^S;- 
Si^^ ^;?Jir;'^'^'-^'-'^<™"»P''»'i»««»«»toKyphosphiM 

a^hln^XH P»'"P»w««»>i«te5 DMTdO»p(S.OCH,)dAS'„. 5'- 
«^«y«)'2'^?«uaaoiylj/>«othil4>ho.p^^ 



EXHIBIT C 



Si - 



of P-L Biochcmicals (St. G^ r. West Germany). Tetra- 
butylammonium hydroxide ^Mbr HPLC was obtained from 
Waters Associates (MilforaT MA) under the name PIC 
Reagent A. KH2PO4 (Merck, p^. grade) used for HPLC was 
further purified by passage over Chelex resin to remove UV- 
absorbing impurities (Karkas et al., 1981). All other reagents 
were of the best quality available and were used as received. 
TLC was performed with silica gel 60 F254 plates (Merck, 
Darmstadt, West Germany). £coRI endonucleasc was isolated 
from an £coRI overproducing strain kindly provided by Dr. 
M. Zabeau (Heidelberg) and was purified by chromatography 
on phosphoceUulosc and DEAE-ceUuIose as described (Un- 
gowski ct al., 1980). 

Methoxydichlorophosphine was prepared as described 
(Martin & Pizzolato, 1950). Methoxymorpholinochloro- 
phosphine was synthesized by the procedure of McBridc & 
Carathers (1983) using Ar-(trimcthylsilyl)morpholine (Pike 
& Schauch, 1962) as starting material. 5'.a(Dimcth- 
oxytrityI)thymidine, M-bcnzoyl.5'-0-(dimethoxytrityl)-2'- 
dcoxyadenosine, and A^-isobutyryU5'-a(dimethoxytrityl)- 
2 -deoxyguanosine were synthesized by the procedures of 
Schaller ct al. (1963) as modified by Gait et al. (1982a) 
Ar-Anisoyl-5'-0-(dimcthoxytrityl)-2'-dcoxycytidine was pre- 
pared by the method of Schaller et al. (1963). All these 
compounds wcte purified by fiash chromatography (Still et 
al., 1978) on silica gel 60 (Merck, particle size 0.040-0 063 
mm) using CHCla-^HaOH mixtures under a positive nitrogen 
pressure of 0.5 atm. All dimethoxytrityl derivatives appeared 
pure by TLC using either CHCl3-<;H30H (95:5 v/v) or ethyl 
acctatc-CHjOH (95:5 v/v) as solvent. Protected dcoxyribo- 
nucleoside morpholinomcthoxyphosphitcs were synthesized by 
rcactmg the appropriate base-protected dimethoxytrityl nu- 
cleosides vrith methoxymorphoHnochlorophosphine. The re- 
action conditions and purification protocols given by DSrpcr 
& Winnacker (1983) were followed with the exception that 
CH2CI2 instead of CHClj was used as the reaction solvent. 
After purification, the protected nucleoside mcthoxy- 
morpholinophosphitcs appeared pure as judged by TLC using 
either CHClj-EtOAc-NEt, (45:45:10 v/v) or CHCU- 
CHjOH-NEtj (85:5:10 v/v) and ^»P NMR spectroscopy (T 
derivative, d 144.85 and 145.10; all other derivatives, 6 145.1 
and 145.4 for the two diastereomcrs). Silica gel used as the 
solid support in oligonucleotide synthesis was Fractosil 200 
(Merck, Darmstadt, West Germany) and was functionalized 
so as to possess free amino groups by the procedure of Ca- 
ruthers (1982). ^*-Anisoyl-5'-0.(dimethoxytrityl)-2'-dcoxy. 
cytidine was attached via the 3'-hydroxyl group to this amino 
sihca gel as reported by Caruthers (1982). A loading of 1 13 

Mmol of iV*-anisoyl-5'-0-(dimethoxytrityl)-2'-deoxycytidine 
per gram of resin was achieved. 

HPLC was performed with two Waters Associates Model 
6000 A pumps controUed by a Model 660 solvent programmer. 
In aU cases the reverse-phase octadecyl material ODS-Hypersil 
15-Mm parUcle size, supplied by Gynkotek (MQnchen, West 
Germany)] was utilized as the stationary phase although the 
buffers used for the mobile phase varied with the particular 
application. For the purification of dimethoxytrityl oligo- 
nucleotides, a Bncar gradient (fiow rate 6 mL min"') consisting 
of 100 mM TEAA, pH 7 (A), and 100 mM TEAA, pH 7 
containing 70% CHjCN (B) was used (r = 0 min, 20% B; t 
« 20 min, 80% B) (gradient I). To purify completely de- 
blocked Ugonuclcotides, a Unear gradient (flow rate 3.5 mL 
W^^' SS^i*'^?^^ TEAS, pH 8 (A), and 100 mM 



system w?i|||rther used, both to monitor the reactions 
to purify t^-oducts of (1) the £coRI-caulyzed hydron« 
of the various octanucleotides, (2) the desulfurizaUon^ 
phosphorothioaie-containing oligomers with iodine, and (i 
the S'.phosphorylation of octanucleotides with polynucleoti 
kinase. The purity of the oligonucleotides was checked I 
using three systems. These all consisted of a 20-min lin 
gradient (fiow rate 2 mL min'*) produced from (1) 100 1 
TEAA, pH 7.0 (A), and 100 mM TEAA, pH 7.0 contaim^. 
60% CH3CN (B) it = 0 min, 5% B; r = 20 m^n, 30%W 
(gradient III), (2) 5 mM tetrabutylammonium hydroxide.^ 
7.5, containing 4% CH3CN (A) and 5 mM t tra^i 
ammonium hydroxide, pH 7.5, containing 70% CHjCN 1 
(/ = 0 min, 30% B; r = 20 min, 80% B) (gradient IV) km 
(3) 50 mM KH2PO4, pH 6 (A), and 50 mM KHjPO., pHl 
containing 30% CH3CN (B) (/ = 0 min, 5% B; I = 20ii 
30% B) (gradient V). To resolve the nuclease PI digest 
products of the various oligonucleotides, an upward conct 
(Waters solvent programmer curve 9) gradient (flow rate i 
mL min-») prepared from 50 mM KH2PO4, pH 6.5 (A)»« 
50 mM KH2PO4, pH 6.5, containing 30% CH3CN (B)Y 
used (r = 0 min, 0% B; r = 15 min, 50% B) (gradient VD^ 
To separate the nuclease Pl-alkaline phosphatase codigestkff^ 
products, a linear gradient (fiow rate 2 mL min'*) produee^ 
from 50 mM KH2PO4, pH 6 (A), and 50 mM KH2P04^iil 
6, containing 30% CH3CN (B) (/ = 0 min, 5% B; / = 20 
50% B) had to be used (gradient VII). Routinely, a col 
25 cm long with an internal diameter of 0.4 cm was used, 4 
only exception being in the purification of dimethoxy) 
oligonucleotides when these dimensions were 30 X 0.8 
^^P NMR spectra were recorded on a Bruker WP200 
spectrometer operating at 81.01 MHz with quadrature 
tection and 'H broad-band decoupling. Samples were 
tained in 5-mm precision tubes containing a concenti 
pillary filled with the appropriate reference. Chemical 
are given in parts per million and are positive when dow. 
from the standard. Samples soluble in organic solvents 
recorded in CDCI3 containing 2% pyridine, and^ 
samples (with the exception of the octanucleotides) 
measured in 100 mM EDTA adjusted to pH 8 with U 
and containing 50% D2O. These samples were refa 
85% H3P04. The spectra of the octanucleotides were . 
in 25 mM Hepcs-NaOH, pH 7.5, containing 25 mM _ 
50 mM NaCl, and 30% D2O as solvent and trimcth^ 
phate as standard. Samples of 1-2 fimol in a total vduD? 
400 mL were used. 

Mass spectra were recorded on a Kratos MS 508 
spectrometer with a Kratos FAB source in the negative^ 
mode. The atom gun used xenon and produced a beam 
neutral atoms at 8-9 kV. An aqueous solution of ' ^ ' 
ethylammonium salt of the nucleotide (1-2 oot 
approximately 20 nmol) was injected into the glycerd 
(approximately 2 /iL) present on the FAB copper |»i 
Water was removed in the direct insertion lock, and the^ 
were recorded at a magnet scan rate of 300 s/ 

Melting curves were recorded in 1-cm cuvetta 
DMR 10 spectrophotometer to which a Colora^ ' 
thermostat was attached. The temperature was 
a Knauer precision temperature bridge and a 
closed in a glass capillary that extended t 
of the cuvette into the solution. Differential 
were computed by taking small temperature 
the integral recording. All samples were e: 
optical density of between 0.2 and 0.3 at 260 
TrisrHCl, pH 7.2, 50 mM NaCl, and 10 " 



{p-Chlorophenoxy)acetic Anhy^e. (p-Chlorophenoxy)- 
acctic acid (46.5 g. 0.25 mol) waMolved in ethyl acetate 
(400 mL) and ether (150 mL), and dicyclohexylcarbodiimide 
.(25 g. 0.12 mol) was added. The reaction mixture was stirred 
at room temperature for 2 h. the precipitated dicyclohexylurea 
was removed by filtration, and the filtrate was evaporated to 
dryness. The crude product was recrystallized from ether (500 

"J^l'oSl'f ^"'^ I"^- °C (van Boom et 

al., 1971)]. 

l^-Benzoyl.3'-0-[(p.chlorophenoxy)acety[\.2'-deoxy- 
adenosine. ^*-Benzoyl.5'-0.(dimcthoxytrityl)-2'-deoxy- 
adcnosuie (5 mmol. 3.62 g) was dissoWed in 20 mL of pyridine, 
and (AK;hlorophenoxy)acctic anhydride (6 mmol, 2.13 g) was 
added. The reaction was monitored by TLC [CHaj-CHjOH 
(9:1 v/v); of starting material 0.8, of product 0.951 and 
u^s usually complete in 3 K. Occasionally a second addition 
(2 mmol) of the anhydride was needed to ensure complete 
reaction. When the reaction was finished, metiianol (10 mL) 
was added and after a further 2 h the solvent was evaporated 
at a water pump. Pyridine was removed by successive coe- 
vaporations with toluene using an oil pump. The dimeth- 
oxytntyl group was removed by the addition of 100 mL of an 
ice-cold solution of 2% p-toluenesulfonic acid in CHCU- 
CH3OH (7:3 v/v). After 5 min on ice the mixture was poured 
into 250 mL of 5% aqueous NaHCOj. The chloroform layer 
was washed witii a further 250 mL of 5% aqueous NaHCO, 
250^ mL of saturated NaCl, and 250 mL of water. The 

^ -b<?«oyl-3'-0-{(AH:hlorophenoxy)acetyl]-2'-deoxyadeno8ine 
rcmams m the chloroform layer during these extractions as 
a fine dispersion. Purification can be simply achieved by 
filtrauon and washing of Uie residue sequentially with water 
chloroform, and ether. The product appeared pure bv TLC 
[CHCI,-CH30H(8:2v/v)]: /f,0.7; 90%. ^ 

Rp and Sp Diastereomers of S'-0-(N^.Benzoyl-2'-deoxv 
adenosyl) 3'-0.[N^.Isobutyryl.5'.0-(dimethoxytrityt\.2'- 
deoxyguanosyl] O-Methyl Phosphorothioate. A^-Benzoyl- 
3 -0-((p-chlorophenoxy)acetylJ-2'-4eoxyadenosine (1 mmol, 
493 mg) was dissolved in 1 mL of MejSO and 5 mL of THF 

A^-Isobutyryl-5'-0.(dunethoxytrityl)-2'-deoxyguanosine 3'- 
O-(morphohnomethoxyphosphite) (1 mmol, 794 mg) was 
dissolved in 5 mL of THF and added to the solution of the 
deoxyadenosme compound. Tetrazole (4 mmol, 280 mg) was 
then added and the mixture set aside for 1 h; Uien it was 
poured into a suspension of elemental sulfur (320 mg 10 
mmol) in 10 mL of pyridine and stirred for a further 1 h. The 
sulfur was tiien removed by filtration tiirough glass wool and 
the solution evaporated to an oil with a water pump. Excess 
pyridine was removed by coevaporation witii toluene using an 
oil pump. The viscous liquid so obtained was dissolved in 50 
solution extracted twice with 50 mL 
of 5% aqueous NaHCO, and twice with 50 mL of saturated 
NaCl. The CHCI3 layer was dried over Na^SO* and evapo- 
rated to dryness. At this sUge TLC (CHClj-CHjOH (91 
v/v)] showed the product (/?,0.8) as the main component 
together witii unreacted deoxyadenosine starting material (/?, 
0.7) and some trityl positive material at the origin as minor 
contaminants. The 3'-0-((p<hlorophenoxy)aoetyl] protecting 
graip was removed by dissohnng tiie crude product in dioxane 
U6 mL) and 25% aqueous NHj solution (4 mL) and setting 
It aside at room temperature for 90 min. The /?, value of the 
desired product in Uie above TLC system is 0.5. The final 
pr duct was purified by passage over a column of silica gel 
f^^SS^'^^'^^^'-^^l^^H-Pyridinc (95:4:1 v/v) 



» w I. . * J , l\\J, 



S l^^^Wt^ «*' P'*^« ^^'h concentrating zones, 
7S S 9."*«3pH-pyridine (92:7:1 v/v). Fraction^ 
76-85 (fart diastereomer) and 87-97 (slow diastereomer) were 
pooled and evaporated to dryness. As detailed below, the fast 
and slow isomers have the S and R configurations at phos- 
phorus, respectively. Both diastereomers appeared >95% in 
the above TLC system with /J, values of 0.4 and 0 3 for the 
fast and slow isomers, respectively. Additionally, both isomers 
were ^95% pure by 3.p NMR spectroscopy, a values ofT67 
and 69.86 were found for the fast and slow isomers, respec- 
tively, when measured in CDClj-pyridinc (98:2 v/v) Each 
diastereomer was obtained in yields of between 25 and 35% 
(overall yield between 50 and 70%). In order to establish the 
absolute configurations of the two diastereomers, a mixture 
Of the fast and slow isomers (1:3 equiv of each) was completely 
deblocked as foUows. Approximately 25 mg of the mixture 
was dissolved in dioxane (200 mL), triethylamine (100 mL), 
and Uuophenol (100 ^L) and left at room temperature for 90 
nun. The dimer was then precipiuted with petroleum ether 
and the precipitate triturated with 3 X 10 mL of petroleum 
eUier to remove excess thiophenol. Solvent was removed by 
evaporation, the precipitate dissolved in 2 mL of 25% aqueous 
ammonia, and the solution heated at 50 "C for 5 h The 
anunonia was removed under reduced pressure and the residue 
tiiken up in 500 mL of 80% acetic acid and set aside at room 
temperature for 1 h. The acetic acid was removed by several 
cowaporauons witii wtter, tiie product obtained was dissolved 
m 2 mL of water, and tiic solution was extracted 3 times with 
5 mL of etiier. The aqueous layer was evaporated to dryness 
and the residue dissolved in a small volume of water. Re- 
verse-phase HPLC (gradient VI) of die product revealed two 
p«ks in a ratio of 3:1 eluting at 2.5 and 4 min, respectively, 
Which coeluted with a standard mixture of the two diaste- 
reomers of d[Gp(S)A]. The later-eluting small peak in the 
inf ™^ completely digested by nuclease PI , giving dG and 
dAMPS, wherws tiie eariy large peak was not hydrolyzed by 
this enzyme, ^'p NMR spectroscopy of the completely de- 
blocked duiucleoside phosphoroUiioate showed two resonances 
of 3:1 intensity at 5 55.88 and 54.86, respectively. 

y-0-[N^-Benzoyl-3'-0.(morphoHmmethoxyphosphino). 
2 -deoxyadenosyl] 3'-0-[l^.Isobutyryl.S'-0-{dimeth- 
^1^*/J^:^!'^^°''y^^^y'^ O-Methyl Phosphorothioate. 
UMTdG"p(S.OCH3)dAai (350 »tmol, 350 mg, diastereo- 
mcncally pure) was dissolved in 5 mL of CH2CI2 (freshly 
pa^ over basic alumina to remove acidic contaminants) in 
a lO-mL flask, and diisopropylcthylamine (1.4 mmol, 250 mL) 
was added. The flask was sealed with a rubber septum, flushed 
with dry nitrogen, and cooled to 0 «C. Morpholinometh- 
oxychlorophosphinc (700 /imol, 100 mL» was added with a 
syringe and the mixture left on ice for 30 min. Ethyl acetate 
(10 mL, prewashed with 5% NaHCO,) was added and the 
mixture extracted with 10 ftiL of 5% NaHCOj followed by 
10 mL of saturated NaCl. The organic phase was applied 
direcUy to a column (10 X 2.5 cm) of siUca gel 60 (230-400 
mesh) equilibrated with EtOAc-CHjCN-NEta (7:2:1 v/v), 
and products were eluted with this solvent under a posiUvc 
nitrogen pressure of 1 atm. Fractions of 5 mL were collected, 
and those containing product (fractions 6-25) were pooled and 
evaporated t dryness. Yields of 70% were typicaUy obtained, 
and the product appeared to be about 90% pure by TLC 
IJJ^Cla-CHjOH-NEtj (9:0.5:0.5 v/v) or EtOAc-CHsCN- 
NEt3 (7:2:1); RfQHS in each case] and was used without 
. fiucther^baracterization. 

SoUd'PhasM Oligonucleotide Synthesis. Qlig<mucteotidcs 
were synthesized tn a l^rnL glass ^nnge fitted wit^ 
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i^inger 1982). The synnge was charged with 90 ma of silica 
gel containing 10 ^mol of bound ^^-anisoyl-S^SfdinTtr 

(morphoimomethoxyphosphitc) derivatives of A^-knisoy -2'- 

27 ^ri^*^!!^ were used to prepare the nucleotide 

™fvrSe^J2S^"^^"'^^'-'^"^«^ 

The following synthesis cycle was used: (n Wa«h u„th 

t?2 m^^'r -^^ ^ ' <2) detritylatil;rMdon of 
et^-n f ? °^ trichloroacetic acid in 1 ,2-diS?^^ 

ethane for 2 mm; (3) wash with 1.2-dichloroethan7(3 
mL); 4) render anhydrous by washing with acetoitrile 00 

5 -O.(dunethoxytntyl) nucleoside 3'-Ou(nK>rpholin<Snctho«v! 

01 letrazole in 0.5 mL of acctonitrile (coupUng times were 30 
nun for the first cycle and 10 min for subLuemrcl«W6? 

H O n v/'?rr » lutidine-THF- 

2 rg ' acctonitrile (3 x 

mL of a 10% soTution of (dimethylamino)pyridine in THF 

mfn n m '"l;''*'"t' '"''^ ^-"^ °f acetic ^Liydride™ 5 
mm; (10) wash with acctonitrile (3 X 2 mL) Steo 10 cL 
Pletes the addition of one nucleotide. TTiTgL^^o ° 
.s further elongated by beginning again at'^i* 

twrmlST'^S* ""vomers were prepared by 

two methods. The first method was the addition of dL«.»oi 
sulfur to the phosphite intermediate, r^^n^^Zt 
a^tuje of diastereomers of the pLp^^^^^^ 

ofclcm„,lsulfur(lCK)m^^^ 

addition was made with a Pasteur pipet after rem<wi,. Se 
synnge piston. The piston was then V^laced ai^rTyrint 
e^l^Sr^r"'^'*''"'"^'^ Excess pyridST^" 
of of ? ^.n"" ""'^ ^ "P»«^ »d "pulsion 
k dlS i?'^°""*^''^^-Py^*~- Elemental sulftl 

lU removal. The sihca gel was then washed withWidk^M 
X 2 mL) and the synthesis cycle continued at sS^iJic 
second method used to produce phosphorothioate oUgom«^ 
was the addition of a chiiaUy pure DMTdGVs!cCH,5v^ 

m he protocol was an increase in the coupling time to 45 nT 
After the addition of the last nudeotide^Ae synUi^k 
;m terminated with the completion of step s'^S.TmS 
groups were removed from the phosphotriesto in the St 

v/v^foMtT^'T";"^ 

v/v; lor 1 h. This soluUon was then cxnelleH AnH r 

2mL). The syrmge piston was removed and the siUcaBeIdri«l 
^ ^"f"' P^"^*' °f °*^08« (entry vTthTSSl 
m the needle) through the gd bed. TTiS driej the 
.was easily poured mto a 25-mL round-bottomed flask iS 
bgomer was cleaved from the silica gd, and the^p^o! 
S *^ stmultanebusly removed by adding 3 '.S^ 
jr25% aqueous ammoma and heating at 50 -C for 1 5 L X 
tim the ammonia solution was removed bv evani>«ii « 

?3*rtio6,toiitendencviiiirotlL.T^^ 
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The filtrate was extracted with ether (5 X 1 mi \ K,;-n ' 
evaporated at a water pump to remove exoKe^S h 5^ 
up to about 1 mL witii aqu«us l?NEt^, h ' ^ 
Oligomer so produced w\s p" L''b;'reS:eSe"^^^ 
u^ing gradient I (retention time. 8.7 min). UsuaUy tS. aliq 
of 100 ^L each were injected onto the column ThrfractS 
that contained product were pooled and eva^raVeS to an S 
a a water pump. Most of the TEAA was rem^ci w'^J 

aid DuZ ""^"^ "evaporations with mi,! 

anol Durmg these evaporations some detritylation occurrS 
Tie dimethoxytrityl groups were tiien completely re^jt 

tisre^'"K''*''^°"°^'''«^"^'*- lieaceticaS 
^Ivrf I ^ evaporauon. the resulting oligomer was dis- 

Sef /? L , 1 ' «t""ed with 

ether (5 X 2 mL). Excess ether was removed by a brief 
evaporation of the aqueous phase and the proSct m^de „d 

xroTiS' l"" 'r' ''r'"^^'^"' in^ioTon:: 

aiiquots of 1 00 mL each, was by reverse-phase HPLC usins 
evaporated to dryness. Excess TEAB was removed by coe- 
was Checked by HPLC using gradients III. IV. and V The 

fTzLlt'^O^^T'rlrr'" ^ mLo/watWandsto^' 
irozen at -20 C. Usually between 1.5 and 3 Mmol of pure 

S^"l1'Sd?0^ri'''"^ This represents a'yield ofT 

^-Phosphorylation of Oligonucleotides. The appropriate 
ohgonucleotide (about 2 units) dissolved STS^X 
volume wntaimng 50 mM glycine. pH 9.2, 10 mM DTT 5 
mM MgCl,. and 1 mM ATP was phosphor^toted wiJh pol'y- 
nucleotide kinase (25 units) at 37 -C The ^ n wL 

r^tf ST? ^^i:''*'"* ^""^ usuallyXlc" 
m 90 mm. The 5'-phosphorylated digomeis were then is<£ted 
by preparative HPLC (gradient II) 

fe-^-fpf" f^"^''"'^f'otides with Nuclease PI and Al- 
Phosphatase. The appropriate oligomer (about 1 A,^ 
unit)wasdissolvedin200MLof25mMTris-HCl pH7 a^ 

complete after tius time and an aliquot was analysed by 
JffLCtenidicmtVI). To the remaining solution wer^ I 
nhS;LS " "'"""tration of 10 mM) and alkaline ' 
t'SSST/ H ^'"»f"«her2-h incubation at room 

°f Pf'^'Phorothioate-Containing Oligo- 
y °f Phosphorothioal^ 

XT5tS;T "fi^ " ^25 ^L) waS reacted wiU. 

was earned out at room temperature for 45 min. Water (1 
mL) was then added arid the iodine extracted with ether (5 
th. ^.''*'"f°'» was then evaporated to dryness, 
he residue redusolved in 100 mL of H A lind the predict of 
thereactionpunfied by HPLC (gradient II). ^ 
Digestion of Oligonucleotides with EcoRI. Oligonucleotide - 
Approximately 1^ unit) dissolved in a 200:mL volume * 
««ta.nmg 10 mM Tris-HCI. pH 7.6, 80 mM NaCl. and 2^ 
mM MgClj was digested wiU. EcoRl (between 2.75 and 13 75 1 
Sn^^^*^ A r"^'"" 16 °C for times ^ 

tZ whl "PLC. and in the 



.jlUsuits . " 
■ ;^^«*imcrB were synthesized by the phosphite method oin 
''{^J^^^W^ *°»P^ ying dcoxynucleosidc J^methoxy^ 
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morpholinophosphitcs) (Matteu^ Caruthere, 1981; McBride 
& Caruthcrs, 1983; Dorpcr & Winnackcr, 1983) as the 
building units and Fractosil 200 (a silica-based material) as 
the solid phase, contained in a glass syringe (Tanaka & 
Letsinger, 1982). Some of the difficulties encountered in the 
synthesis of the all-phosphate-containing octamer d- 
(GG AATTCC) by this method with respect to coupling times 
and removal of dimethoxytrityl groups will be discussed under 
Discussion. 

To obtain a mixture of the Rp and Sp diastereomers of the 
phosphorothioau-containing octamer d(GGsAATTCC), the 
iodine-water oxidation step of the phosphite group between 
dA and dG was replaced by one consisting of the addition of 
elemental sulfur. Routinely, a suspension of sulfur in pyridine 
and a 2-h reaction time were used. After reaction Uie insoluble 
sulfur was removed by flushing with a CSj-pyridinc (1:1) 
solution. Addition of sulfur in a homogeneous solution in tiiis 
solvent was tried as an alternative and gave comparable results. 
The addition of sulfur instead of the oxidation did not reduce 
the yield of the subsequent coupling step, which was >95% 
as determined spectroscopically by the liberation of the di- 
methoxytrityl ^roup. 

In order to prepare chirally pure oHgomere, we have utilized 
the addition of a presyntiiesizcd chirally pure phosphorothioate 
dimer to the growing oligonucleotide chain. The phosphoro- 
thioate-containing d[Gp(S)A] dimer was prepared by con- 
densing. Ar^-isobutyryl.5'-0.(dimethoxytrityl).2'.dcoxy. 
guanosinc 3'-(mcthoxymorpholinophosphitc) with A^- 
bcnzoyl-3'-O-[0M:hlorophenoxy)acctyl]-2'-deoxyadenosinc 
using tctrazole as the activating agent. Subsequent addition 
of elemental sulfur yielded the fuUy protected phosphorothioate 
dimer, and a brief treatment witii anmionia tiien removed the 
Cp-chlorophenoxy)acetyl-protccting group. Purification and 
diastereomer separation were simultaneously achieved by siHca 
gel chromatography. It is important to use silica gel 60 H for 
this separation and also the solvent mixture given under 
Materials and Methods. Other silica gel types and solvent 
systems were much less effective in diastereomer resolution. 
The fast and slow fractions of the required dimer product 
appeared pure by TLC after silica gel chromatography. 
AdditionaUy, both fractions appeared pure by ^ip NMR 
spectroscopy (fast, 6 69.67; slow, 6 69.86). ^ip NMR spec- 
troscopy of a 3:1 slow:fast mixture confirmed that this dif- 
ference in chemical shifts was real and that the fast isomer 
resonates at higher field. The absolute configuration at 
phosphorus of the two fractions was established by the com- 
plete deblocking of a small sample of a 3:1 slow:fast mixture. 
Removal of the methyl groups with thiophenol occurs with 
C-O bond cleavage and so does not change the configuration 
at phosphorus (Daub & van Tamelen, 1977). ^ip 
spectroscopy of Uic resulting mixture after this deblocking 
revealed two peaks in a 3:1 ratio at 6 55.89 and 54.87, re- 
spectively. Since it is known that the diastereomer of 
dinucleoside phosphorotiiioates resonates at higher field than 
the diastereomer (Romaniuk & Eckstein, 1982; Bartlett 
& Eckstein, 1982), this establishes that the fast fraction 
contained the isomer with the 5p configuration and the slow 
fraction the ne with the /Jp oonfigurati n. Confirmation of 
this result comes from reverse-phase HPLC of th deblocked 
mixture in which the maj r peak elutes before the minor. 
Agam the /2p diasteronner f dinucleoside phosphorothioates 

a ;)? known to ehite before the Sp m rewTBe-phasc HPLC systons 

-^ri^maniuk & Eckstein, 1982; BarUctt &.Eck8tcin» mi). 

p^f^toaMy, thc,Tnajoir fjfoduct.wai susceptible toi4^ 

^U^ttkevenooi itopb^^ 
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rj^^A^Ur^^y^^^rvP***^ "^^^ *"^*y«« of octamcrs: (1) d- 
rr^A^SS.\' (2) (/?p).d(GGsAATTCC), and (3) (5pH- 
(GGsAATTCC); gradient III was used. v ^ v p^ 

the opposite enzyme selectivity was seen for the minor product 
Again this means tiiat the major peak has the Rp configuration 
and the minor the Sp (Burgers & Eckstein, 1978b; Potter et 
al., 1983). All these tests indicate that the slow triester has 
the Rp and the fast the Sp configuration. After purification 
the Rp and Sp diastereomers of the metiiyl estere of d[Gp(S)A] 
were separately treated with methoxymorpholinochloro- 
phosphite, resulting in a dinucleoside phosphorothioate con- 
taining a methoxymorpholinophosphite moiety at the 3'- 
hydroxyl group. After further purification by silica gel 
chromatography these meUioxymorpholinophosphitc dimers 
can then be atUched to the growing nucleotide chain in the 
usual fashion. Subsequent to the coupling of this dinudcoside 
phosphorothioate, one more coupling with 2'-deox5^uanosine 
3'-0-(methoxymorpholinophosphite) and an oxidation step 
have to be performed to complete the synthesis of the octamer. 

After completion of the solid-phase synthesis the methyl- 
protecting groups were removed from the phosphate and 
phosphorothioate triesters with thiophenolate. The base- 
protecting groups were then removed, and the oligonucleotide 
was simultaneously cleaved from the silica gel by ammonia 
treatment. The oligonucleotide, containing a dimethoxytrityl 
group at the 5'-terminus, was then purified by revcisc-phase 
HPLC. AU the truncated sequences resulting from incomplete 
coupling yields followed by capping with acetic anhydride do 
not contain a highly hydrophobic dimethoxytrityl group and 
therefore elutc much earlier than the desired product on re- 
verse-phase HPLC. The purified dimetiioxytrityl oligomer was 
then treated with acetic acid to remove the dimethoxytrityl- 
protecting group and finaUy purified further by HPLC. For 
this final purification TEAB was used as the buffer sah in 
conjunction with an acetonitrile gradient. All tiie components 
used in this step are volatile and are easily removed by 
evaporation, eliminating the need for a final desalting step. 

The purified oligonucleotides were 5'-phosphorylat€d by 
using polynucleotide kinase witii ATP as tiie phosphoryl donor. 
This reaction was monitored by reverse-phase HPLC, as the 
phosphorylated products elute before the starting octamers. 
The same system was used for the purification of the 5'- 
phosphorylated oligonucleotides. 

The purity of the oligomers produced has been checked by 
reverse-phase HPLC using either KH2PO4, TEAA, or tetra- 
butylammonium phosphate as buffer with an acetonitrile 
gradient. In all tiiese systems d(GGAAlTCC) as well as (Sp)- 
and (/?p)^(GGsAATTCC) appeared ^95% pure (Figure 1). 
-The ail-Qxygen-containing compound always eluted earlier than 
the phosphorothioate<containing oligomers with base line 
separation being achieved.: ;N6«q»aration was observed be- 
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in (J?,)-d(GG8A5m'S) P"*" 2 and 3 « due to a contaminant 

phosphorylated oligomers were also analyzed by reverec-phase 
rnSlASr^rt ''"j'*^* ^"^ TEAA buffer syst^'^! 

and W-<l(pGGsAATTCC) appeared 
5ii ^ '•'•^ nonphosphorylated ortame^the 

sulfur. Remarkably, the two phosphorylated phosphorothioate 

y^Whl?!!!,'*?" ^' 2). The individual 

L^S?^ phosphorothioate diastereomers showed 
Mgh»b e contanunauon with the other isomer, indicating thS 

?f must alsotir/l^n 

of a very high diastereomeric purity. 

The oUgonudeotides were further characterized by nuclease 
P Agesfon followed by analysis of the pVS^ HpS? 
Nuclease PI cleaves nucleotides giving nucleoside S^ph J-" 
phates and sod(GGAATrCX:rWould be expected to Weld dG 
dGMP dAMP. dTMP. and dCMP in a rati^ol 0 5 f 0 
A and 10. ^spectively. This is indeed the cTiis shJwn 

oSrJ^- ^""'li^^^^^^fMiismixturewiSalS 
phosphatose gave dG. dA. dT. and dC in the expected^^! 

molar ratios. Phosphorothioate. having the 5. cSnfimraSS, 
«d.g«edbynucl«jsePl (Pbtteretaf. 1983 S^S^S 

twifJJ?^^ ' r?** 5""" '•AMPS. Phosphoro: 

th.oat« having the /?p configuration are not cleaved by nu^ 

addition of alkaline phosphatase the 5'.mo.Sh«pha1^« 
converted to deoxynucleosides, giving the LoS ex^S^ 
dAMre IS inert to alkaline phosphatase and so remahTun 
J^J^' °^ (^pH(GGsAATTCC) with niSe^ 
PI gave dG (0.5), (/?pH(pGp(S)AJ (0 5) dAMP Yolf 

«d«««fi«t>on of dIpGp(S)A] in Figure 3 is tentativ" 

gahne phosphatase treatment, however, the (J?pVKirGi)(S)Al 

identified by <L'JS i^h 
KWtort natenal-AdditionaUy. the other dephosphorylatod 
*«. I«*»wdtti thft a|iectedntiaB.^11ii8 analysis 
itabljste;that4he bMe compodtion of -tt^ 
lU^is •wnct 1m«itd^pra«M that the .shos* 
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^^AAT^CcT/ZfP^.'^^r.V ««8«'of««a'ncni: digests 
(iM(G^AASfr r^^^^ (/?p)-d(GCsAA-rrCC) (middle) and 

byTn^Sn nucleotides 

the Jp-protected d[Gp(S)AJ dimer and that the Rn olieomer 

^rvlSi^?'"''*"'!'- Thisanalysistherefoi^coSfirms 
^t vei7 httle. If any. cpimerization at phosphorus occurs 

nS.?*^''" deblocking, and purification of the 

phosphorothioate oligomers. 

wi JSS!"- »''».P»'~P«»o~thioate-conuining oligomers 
^^^Z "'^f'lf desulfurization and for- 

mtoon of the normal aU-phosphate-containing nucleotide. This 
^^Z^'^ T'!?"^ "PLC *"d appeared to be both 

d^OA^SrS * P'^ducl identical with 

S;J^i^^^^'*^"f*°^ "PLC systems. Further 

proof of the integnty of the d(GGAATrCC) so produced was 

J^-????? y*«'di„g the expected 

St^SS'™*^?'^'"^^^- AsimilardesulfurStion 

lPAp(S)U] copolymer with iodine has previously been 
reported (Burgers & Eckstein, 1979). 

The midpoint of thermal transition of d(GGAA'rrCC) and 
tne two phosphorothioate oUgomcrs all lie between 23 and 25 

1 hus. within the experimental error of the method, the 
various oligomers have similar, if not identical, thermal su- 

nf ]!fAA*!f i'^o^f ""^ 'P*^*™'" °f "fas*" isomer 
of d(GGsAATTCC) together with the expected breakdown 

shown m the structural formula is given in Figure 4. Thedau 
are summarized in Table I. Tie background of the spectrum 
IS nigner than those given in Grotjahn et al. (1982) for all- 
phosphate^nteining oligomers. The main reason for this 
tackground seems to be the smaUer homogeneity as well as 
the incomplete exchange of Na* ions for tricthylammonium 
wns, as can be seen from the molecular and sequence ions that s 
are accompamed throughout by the corresponding Na+.con. r 
S?ff deprotonated molecular ion appears at 

. : -phosphate sequence ions could be registered i ; 
. a> t the fifth nucleotide and and 3'-phosphate sequences up.^ 
lo toe third. More sequence ions could not be assigned since 
they are buried in the background. The sequence ions iire-l 
-«««auy accompanied by relatively iatense^lSii Ooss4aMM' 
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FIGURE 4: Negative ion FAB mass spectrum of (^pHCGGsAATTCC). 

Table I: Masses of Sequence Ions Observed in FAB Mass Spectromctric Analysis of d(GG AArrCC) and dCGGsAX ^fccT 



2480 



d(GGAATTCC) 



(1) sequence ion 


306 


3^P 
346 


(2) sequence ion 


595 


675 


(3) sequence ion 


899 


988 


(4) sequence ion 


1203 


1301 


(5) sequence ion 

(6) sequence ion 

(7) sequence ion 

(8) deprotonated molecular ion 


1516 
1829 
2158 

2407 


1605 
1909 
2198 



5^P 

306, 288 (-H2O). 

328 ("H + Na) 
595, 577 (-HjO). 

617 (-H + Na) 
899, 881 (-H1O). 

921 (-H + Na) 
1203, 1185 (-H2O), 

1225 (-H + Na) 
1516, 1538 (-H + Na) 



d(GGsAATTCC)» 



3^-P 

346, 328 (-HjO). 

368 (-H + Na) 
691, 673 (-HjO), 

713 (-H + Na) 
1004, 986 ("HjO). 

1026 (-H + Na) 



2423, 2445 (-H + Na), 
2467 (-2H + 2Na) 



'Data taken from a spectrum not shown, *DaU from the spectrum shown in Figure 4. 



^ The NMR spectrum of d(GGAATTCC) taken at 10 
**C shows a group of resonances between 6 -3.9 and -4.5 
(Figure 5). The spectrum of (Sp)-d(GGsAATTCC) shows 
m addition a signal of intensity 1 .0 at 6 50.76 representing the 
resonance of the phosphorothioatc group. Only one signal is 
observed, indicating high diastereomeric purity. The spectrum 
of the mixture of diastereomers of d(GGsAATTCC) shows 
two resonances at 6 51.16 and 50.74 in an approximate ratio 
of 1:1, confirming what was found from the nuclease PI digest 
f the mixture of diastereomers, namely, that sulfur addition 
to the oligonucleotide proceeds without any detectable ste- 
reoselectivity. 

^Jothd(GGAATrOC) wefe digested 

^£pr«l to give only two imducts as monitored by HPLC 
.^aSpUflction of these ^nroducts and analysis using the -nuclease * 
inu^^ AhowQd 
■tlmt in:thwase>'- 



of d(GGAATTCC) and d(pGG) and d(pAATrCC) in the 
case of the phosphoryiated derivative. The 5'-phosphotylated 
octamer was hydrolyzed faster than d(GGAATTCC). Thus, 
under our standard conditions as described under Materials 
and Methods using approximately 13.75 Mg of enzyme, the 
cleavage of the phosphoryiated octamer had proceeded to 
about 50% in 1 h whereas cleavage of the unphosph rylated 
octamer had only occurred to about 6%. Treatment of the /?p 
isomers f both d(GGsAATTCC) and d(pGGsAATTCC) 
with £cbRI also resulted in cleavage at a single point with two 
products being formed (Figure 6). Collection and analysis 
f the products sh wed that they were d(GG) and d(p(S)- 
..AATTCC] in the case f the unphosphorylated oligomer and 
d(pGG) and d[p(S)AATTCq for the pfaosphoiylated species. 
;As&in the S'-^hosphorylated octamer^was:deavedate Aster 
•late ihan.'^^^ 

->amDunt of ienzvnieMaboweAg t^gtim wTth-^^fiftriTi^ r ^ i^ : 
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^^(GgT^^C^^I'^'^^ (A)d(GGAATrcC);(B) 
as follows: offset 1350 ^A^ flnHiSvTu Parameters were 

number of transients, 916 fAI l V^fv AnI; /iff ^® 

shifuarerelaUveTZcuI'^'iJi^S;;^^^^ Chemical 

rMchcd 75% completion after 20-h incubation whereas re 

uni^T"'" """^ kinetic stu«S« 

could be undertaken with any of the octamers so that all tht 

points are only approximate. 

rJ?-!Af4;.it?x™*" d(GGsAATTCC) and d- 
(pCKisAATTCC) were not cleaved even after inJu Jion for 

Discussion 

s^^^^^rncK;.^^^^^^^ 

^Se"'.^ ^^'^ ""'»'''"«^^ result) leit' to 
S«n oligonucleotide containing ti,e i^- 

phosphorothioate group at the site of cleavage iHm eL 

-be suitable for the detennination of the stereochemical 

apphed to a torge range of phosph ryl and nudwtidyl 
txaiattrmg enzymes [see f«view for BAstdn (1983aS)1 Si 
.^.uiuble «rymc for ^tniy^J^Z ^c^^^ 
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(/fp)-d(GGsAATTCrv .JLh?/!'!!^ o(p(S)AATTCCJ, and (3) 

iS" » an enzyme most easily obtainable in 

trTn "ll?"'"''''" V" of an overpiSudhg 

SpTCa?^??!'?; " '° ^'^'^^ octanicS,tid J 
OUJIUAATTCC) (Greene et al., 1975) and ddiGGAATrcr^ 

^lt«al..l980). Thelatterhasahigherto^JiS 
than the former, and it was Uius decided to svMhe^he 

2^"cleotided(GGsAATrCC)U,atcontaiSrSt.t 

S^e ni•.^'"^' T'' Ph^Phorotiiioate betw.!^^; 
OA, the position of cleavage. 

eitili^th? °' Oligonucleotide synUiesis are based on 

n«tS;i fh I''") or the phosphitJ 

meUiodo logics (Matteuci & Caruthers. 1981). I„ "he latter 

r"^"?"''*^ ""^^^ ^ first, wWcL 

«udued n a second step with iodine-water to a phosphate 
bntoge It has been shown in solution that such diiuclLde 
phosphite tnesters can be converted to the correspoS 

lr?«/f rj** «*'"«-*"er (Burge« & Eckstein, 
of m«h^J „^ f ^"''°''^'5*°)- Additionally, deblocking 
of methyl phosphotnesters by thiophenol proce4 with C-O 

SbHrofe!.?r' * i977)X;:2.g ;2 

P^ibility of epimenzation at phosphorus during triestcr to 
diester conversion. Thus, Uie phosphite methodolow Semed 

S^SSr"^"/"-'"* r ""^ '''"^^ modiSS ^Sa^er « 
very httie modification of tiie existing methodology was needed. 

nhn^K " l^PP™**"* morpholinomcth xy- 

^<«phine was chosen as the storting materials are easy t - 
2*pare and punfy and, in addition, are very stoble wh«. 
d^h«d in the usual solvents used for oligonucte«ide synUiS^ 
(McBnde & Caruthers, 1983; Dorper & Wimiacker. J983) ^ 
Funhermore, solid-phase synthetic methods, as^^ t ' : 

5 1**»- With these eonsiderationswri 

mmd we chose to prepare the desired phosphorothioate^:^ 

^J^^^^ and also, as a oonU ti« correp^S- 
att^psphate<onto.mng octomer by a solid-phaie SoSod. 
u«g^i.ucle«.de methoxymorpholinophosphit« as biuldingi 

i;fj^^:fy«*«» of d(GGAATTCC). whlchiMi2^ 
beensynthesaed by* polymer^ppartediAosphotrie«er^ 
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proach earlier (Oktsuka ct al., 1982), we noticed that the times 
required to couple the incoming nucleoside mcthoxy- 
morpholinophosphites to the free 5'-hydroxyl group, using 
tetrazole as the activating agent, were somewhat greater than 
those recommended for the nucleoside methoxydimelhyl- 
aminophosphitc method. For this latter method a 5-min re- 
action time suffices, whereas all couplings except the initial 
one using the morpholino derivative required 10 min to go to 
completion. The first coupling appeared to be especially slow, 
and 30 min was necessary in order to obtain ^95% coupling 
yields. A similarly slow initial coupling step was found when 
nucleoside methoxydiisopropylaminophosphincs and silica gel 
were used as the solid support (Adams ct al., 1983). These 
authors suggested that steric hindrance was the cause of this 
slow reactivity and showed that changing the support to 
controlled pore glass appeared to overcome this problem. 
Recently. McBride & Canithcrs (1983) have demonstrated 
that nucleoside mcthoxymorpholinophosphines arc less reactive 
than the corresponding dimethylamino derivatives. Frohler 
& Mattcucci (1983) showed that the use of (A^-nitrophenyl)- 
tetrazole, instead of tetrazole, as the activating agent greatly 
speeded up the reaction rates with nucleoside methoxy- 
morpholinophosphites.' Presumably, incorporation of these two 
modifications will drastically reduce the total synthesis time. 
Additionally, we have found that the use of ZnBrj as the 
detritylating agent is unsatisfactory. This Lewis acid was 
suggested a& a replacement for protic acids as it does not cause 
depurination of M-benzoyldeoxyadcnosinc residues under 
conditions where it removed dimethoxytrityl grxmps (Mattcucci 
& Caruthers, 1981). However, we have observed detritylation 
with this reagent (used as a saturated solution in CHjNOj- 
CH3OH, 95:5) to be slow and incomplete, especially for the 
sequence DMTdCC. The use of 10% trichloroacetic acid 
dissolved in dichlorocthanc for 2 min caused complete detri- 
tylation without significant depurination (Gait ct al., 1982). 
Providing that the coupling times nientioned above and under 
Materials and Methods arc followed and trichloroacetic acid 
is used to remove dimethoxytrityl groups, each coupling step 
proceeds >95% yield, as judged by dimethoxytrityl cation 
release. 

Two alternative approaches were considered for the synthesis 
of d(GGsAATTCC). First, addition of sulfur instead of ox- 
ygen to the growing oligonucleotide chain at the suge when 
the crucial dO-dA phosphite linkage had been synthesized, 
and second, addition of a preformed and suitable protected 
stereochemically pure d[Gp(S)A] derivative as a block. The 
first approach is attractive because of its simplicity but has 
the disadvantage that the stereochemistry of addition of sulfur 
cannot be controlled. Since it originally seemed highly unlikely 
that the mixture of diastereomers produced could be separated 
by any chromatographic method, this method was initially used 
to produce such an octamer quickly and provide material to 
study various properties, particulariy those important for 
separation and characterization. The second method offered 
the advantage that if DMTdtf*»p(S,OMc)dA5H could be 
^>q>arated into its diastereomers and could be added as a block, 
an octamer containing a phosph rothioate of known configu- 
ration would be obtainable, a prerequisite for the envisaged 
stereochemical studies. Both methods have in common that 
after introduction of the phosphorothioate triester one addi- 
.^nal coupling has to beperfomed to btroduce the terminal 
/^raidufe.^^ asoertainihattheiodineTwaterinidatioQatep 
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dertakcn. They showed that even after treatment of up to 1 
h with a 1% iodine solution in THFHutidine-HjO no such 
desulfurization occurred. This inertness of the phosphoro- 
thioate triesters contrasts with the facile desulfurization of 
phosphorothioate diesters by iodine dissolved in pyridine. 

As expected, the first route produced an octamer comprising 
a 50:50 mixture of the and 5p isomers of d(GGsAATTCC). 
This was confirmed by both ^^P NMR spectroscopy and di- 
gestion with nuclease PI . Supportive evidence for the struaure 
of this phosphorothioate octamer was provided by the desul- 
furization reaction with iodine. This reaction proceeded in 
a remarkably clean manner to give the unmodified oligo- 
nucleoUde d(GGAATTCC), as was evidenced both by HPLC 
and by its complete cleavage by EcoRl to the expected 
products d(GG) and d(pAATTCC). Although this reaction 
was not investigated in detail, it became apparent that pyridine 
is essential for it to proceed. Three other methods are available 
for the desulfurization of phosphorothioates, namely, the uses 
of cyanogen bromide (Sammons & Frey, 1982), ^V-bromo- 
succinimide (Connolly et al., 1982), and bromine (Lowe et al., 
1982). With the last two methods side reactions with some 
of the bases, especially guanosine, occur, which contrasts with 
the mildness of the iodine method. However, the st reo- 
chemical course of the iodine-mediated desulfurization has yet 
to be determined as it has been for the three other methods. 

The second route necessitated the synthesis of 
pMTdG^>^(OMe,S)dA^H. One of the problems encountered 
in this synthesis was the proper choice of intermediary pro- 
tection of the 3'-OH group of dA. The strategy required that 
this protecting group had to be removed without hydr iysis 
of the phosphotriestcr to allow phosphitylation of the 
g^oup of dA. The (p-chlorophenoxy)acetyl group was selected 
since it can be removed by brief treatment with dilute ammonia 
(van Boom et al., 1971), conditions under which the phos- 
phorothioate triester was stable. The two diastereomers of 
DMTdG*»»p(OMe,S)dA^H could be separated by silica gel 
chromatography and their absolute configuration determined 
after complete deblocking by digestion with nuclease PI, ^*P 
NMR spectroscopy, and HPLC. After reaction with 
morpholinomethoxychlorophosphinc and purification of the 
products, these two diastereomers could be used as blocks in 
the octamer syntheses. The final octamers were shown to be 
diastereomerically pure by ^>P NMR spectroscopy and nu- 
clease PI digestion. Additionally, the nuclease PI digestion 
confirmed the expected nucleotide composition. Also, both 
the /?p and the 5p diastereomers of d(GGsAATTCC) w re 
dcsulfurized with iodine to produce d(GGAATrCC), a further 
proof of the structure. 

The mixture of diastereomers produced by the first method 
and the separate diastereoniers produced by the second could 
both be easily phosphoryiatcd at the 5'.0H groups by poly- 
nucleotide kinase. Most remarkable was the finding that 
although the unphosphorylatcd diastereomers could not be 
separated by HPLC, the 5'-phosphorylated species were se- 
parable. This is of practical consequence as the fint method 
of synthesis is much easier than the second, allowing the rapid 
preparation of large amounU of material. Phosphorylation 
then becomes the handle allowing separation of the mixture 
of diastereomers produced by this procedure by HPLC. 

We felt that a completely independent check ought to be 
made on the composition and sequence of the phosphorothioate 
octamer. Normally, a wandering spot sequence analysis should 
isc performed on such an oligoniidcoddc (Brownlee & Sanger, 
3969; Jay et al., 1974). However, the^lemselectzvityof most 
:.:XJBUcleasesfor.Dneor^^^ f adinudeoside 
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ph«phorothioate poses pWans for the general application 
o this metliod to the analysis of phosphorSthioate^ntSSg 

^ '^'^^ ^'^ Phosphorothioate ocUme^ 
this method has been shown to be capable of analyzing oli- 
gonucleot.des up to a chain length of ten (Grotjahn et a 
1 982) Tbt presence of Na*. which we were unable to rSi^e 
niTn^ <='>roinatographic methods, represented oneXe 
main difllculties m this analysis. Nevertheless the ma^ 
spe«™m for the 5p isomer (a similar one has otaZ 
for U>e R, uiomer) (Figure 4) shows as detailed in Table I tlS 
fegmentauon pattern is fully compatible with the «™C 
of the octamer being d(GGsAATTCC). OfparUcST 
pomnce ,s overlap for the fragmentation fromT? and 5' 
ends. Fragments from the 3' end yielding nucleotidrs'- 

Srom tS '° ^^'^ fifth nucle^JSe ad 

hffh r ? ^'''^S nucleotide 3'.phosphates up to 
the third nucleoude including the crucial d[Gp(S)A; ^rt 
T^us, this analysis shows that FAB mass spLctrometry^n 

Zlh^ttZ oligonucleoUdes this mijht 

be the method of choice, particularly for those where the 
Phosph^e grbup has been alters, and' rendered'^tuntt 

A very important characteristic of these octamers is their 

^ZLT'""''' '''^^"y " ^^"RI require TJoi 

aecreased thermal stability has been documented for the 
ph«ph^aate analogue of the alternating polynud^t 

dJS/v I Jif pyrimidinc nu- 

poiyi<iipGp(S)C]] a decrease n r„ of 8 »C was otK«v»t 
wher^s for paly[d[pAp(S)T]] the tL .^uZZ'^^o^ 
TiJLk containing a purine nucleoside 5'- 

teSr P<"yWIpCp(S)G]l and poly[d- 
lpip(S)A]] the r„ values were lowered 2 and 5 »C r«Dec 

TJ^/^ ""'^^ '° *^ it that bolh (^pt 

Jl^f:^^^'?'^"''? " the mixtureTdSl 

™£G5k^CQ' "^"^ ^0 

tJ^ ^""^^^ characterization the "P NMR spectra of all 
Ae octamers were recorded. At 10 "C, conditions'^ th.« 
octamers exist as double helices in the buffer sTt^^^^Z 
spectrum of d(GGAATTCC) clearly sho^siS^„^ 
rfthe same mtc^ty whereas at 40 -C (not shown)ZS"S 
r«olution was observed. A similar spectrum recoXatlS 
C has been reported by Patd & Canuel (1979). Mp^t 

S?wLYl^",^^?r'"'~^'*''^""«- OnUieSs 
of iL^rJfi^^ phosphorothioate analogues 

1^ K a';. 1983). It was expected that the spectra of the 
lAosphorothioate and the all-phosphate^taining^Lm 

S P^'^P^^f^'^te of d[Gp(S)Al would^mSng 
fiwn this part of the spectrum since the pfaosph rotwS 
- lower field By this analjiis a't l.^^ o^^f 

^ '^'^ f the unmodified octamer should 

nrCQtwcoided at aO :^C.doe. rnot fit.*uc^^^^ ~ 
aeTnounoe8:s8em ta be undtoed in theahos- - 
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to the spectrum of the unmodified octamer. Thus the reso- 
nances of the phosphorothioate octamer at 6 -4 54 and 

ifSi° ' """^ ' -'»t be - "diction 

iter J'e"'lT ^^'^ the mixture of dT 

astereomers where fine structure is seen in two of the phos- 
phate resonances, indicating differential perturbation 
sumably of the neighboring phosphates byVtw^LoX 
As expected, d(pGGAATTCC) was cleaved by SrT 

li,vl ""P*'°»Pl'°'y'^»«l octamer was a substrate for tie 
^^^1 , '^'^'^^^ approximately 8 tim« 

more dowly than the phosphorylated species. This oteervatio^ 
.s s.™iar to that of Dwyer-Hallquist eVal. (1982). wh^lj 

i£nhYl^ ^° than the un- 

fS^S^o*^'!"?f^J'^ '^'^ diastereomers of d- 
i^h^^^^ PGGsAATTCC). only the R, isomer 
wrclSSr?;.^ «. this case the phosphorylated'octamer 
ZLl? ^ " * «f ^'^"t 7. These results 

nSSf Jh!.". r V Dwyer-Hallquist et al. 

(1982) that the 5'.terminal phosphate of this octamer is also 
part of the recognition sequence of the EcoRl enzyme. The 

?n^r .'IfT'*^!^""^ ^ ^hat has been found 

• ^«triction enzymes of enzymaticaUy 

"T^ DNA-containing phosphorothioate groups in one 
strand only (Vosberg & Eckstein, 1982; B. V. L. Pmter, H 
nWTth ^ S''"*'''"' unpublished results). In such 
fnH phosphorothioate groups are of the i«p configuration. 

vcstigated although at a slower rate than unmodified DNA 
!>ince enzymatic formation of a phosphorothioate inter- 
nucteoudic hnkage by DNA polymeiLes always prod^cS Se 
configuration (Eckstein. 1983a,b). the steieospecificity of 
restriction enzymes can only be determined by the chemical 
synthesB of the phosphorothioate linkage as demonstrated in 
this pubhcation. The limited kinetic study we were able to 
carn^ out indicates that the phosphorylated octamers as weU 
as the unphosphorylated (/?p)-phosphorothioate octamers are 
1^1 aPP««"nately 15 times more slowly than the corre- 
sponding all-phosphauxantaining octamers. We are at present 

ri^5l^^'?°'p^"^^^ to evaluate the stereochS 
course of the £coRI catalyzed reaction. 
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Use of Phosphate-Blocking Groups in Ligase 
Joining of Oligpdeoxyiibbnucleoddest ; . J; 

C. L. Harvey, R. Wright, A, F. Cook, D. T. Maichuk, and A. L. Nussbaum* 



abstract: The polynucleotide ligase from bacteriophage T4 is 
able to join oligomers in which those terminal phosphate 
groups not directly involved in the formation of the new phos- 
phodiester bond are in the form of alkyl phosphorothioates. 

o ne current strategy for the construction of deoxyribo- 
nucleotide duplexes ("genes") large enough and of the proper 
primary sequence to contain information that -can, in prin- 
ciple, be transcribed into biologically nontrivial RNA involves 
the chemical synthesis of oligomers of sufficient size to be 
joined into larger arrays enzymatically (Agarwal et ai., 
1910,y This operation, catalyzed by polynucleotide ligase, re- 



t From the Chemical Research Department, Hoffmann-La Roche 
Inc., NuUey, New Jersey 07110. ReceioedJidy 13, 1972. This publica- 
tion constitutes paper IX In a series entitled Nucleoside Phosphoro- 
thioates. For paper VIII, see Heimer et a/., 1972a. 

I Other approaches consist of the isolation of operons by genetic and 
physicochemical means (Shapiro et ol.^ 1969) or by "reverse" trans- 
scription of purified messengers (Ross et al^ 1972; Verma et aL, 1972- 
Kacian et al., 1972). 



These latter may be helpful in preventing alternate wren 
joinings and serving as a handle for subsequent fragmei 
modification. 



quires that two segments to be joined must be hdd in adjacci 
positions by separately associating, Dia conventional ant 
paraUel Watson-Crick bonding, with a third fragment (tl 
"splint**) of appropriate complementary sequence so that tl 
3'-hydroxyl group of one (the "acceptor") is brought im 
close juxtaposition to the 5 '-terminal phosphate of the othi 
(the "donor"). The splint thus provides specific templa' 
guidance for the ligation proper. 

There have been a few observations that in w7ro joining m^^ 
deviate from this scheme. Thus, it was found (Tsiapalis ar. 
Narang, 1970) that the fidelity of the joining is not perfect; 
ultimate base on the oligomer acceptor does not have to I 
complementary to the corresponding counterbase on 
splint. Furthermore, certain types f duplex "end-to-enc 
joining or terminal cross-linking were found to be complicai" 
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ABLE I : Oligodeoxyribonucieotides Used in Joining Reaction." 



Oligomer 



ition 



Reference 



d-EtS-p(T"G-C-T.A-A-A.T-T-T^-A) 

d-p(A-A-G-A-C-A-G<:-A.T-A.T) 

d-EtS-pCr-G-T-C-T-T-T-OA-A-A-T) 

d-EtS-p(T.T-A-A-T-C.C.A.T-A.T-G-Q 

d-pCr-G-T-C-T-T-T-OA-A-A-T) 

d-EtS-p(A-A-G.A-C-A-G-C-A-T-A.T) 



Protected fragment' 5 
Fragment 2 
Protected fragment 3 
Protected fragment 1 
Fragment 3 
Protected fragment 2 



Heimer et al,, 1972a,b 
Poonian et al., 1972 
This paper 
Cook et al., 1972 
This paper 
Poonian ei ai., 1972 



See Discussion, Figure 2. 



(Sgaramella et al.^ 1970; Weiss, 1970). It was rea- 
^ that in order to minimize "wrong" joining it would be 
'id t devise means whereby those terminal phosphates of 
lemary nucleotide complex that could potentially result in 
tmdesired phosphodiester linkage were prevented from 
g s . We now find that it is possible in a ligase reaction to 
iSotb splint and acceptor molecules that have their 5'- 
phosphates blocked with alkylthio groups— sub- 
te that can serve both as protecting groups during the 
oB oligonucleotide synthesis, and activating groups for 
jlit modification (Cook ef a/., 1969). It is hoped that 
.^asion of the substrate specificity of the enzyme will 
"^ul in the recovery of the valuable oligomer frag- 
not partiapating in the joining reaction;)' B^i?i*T£ His '^O 

Jtise^tion"^:'^ 

;mcj. Polynucleotide kinase and polynucleotide ligase 
pcteriophage T* infected bacterial cells were the same as 
previously (Harvey and Wright, 1972). Calf intestinal 
^ alkaline phosphatase (type VII) was obtained from 
^ Chemical. The phosphatase was dialyzed against 0.01 
-HQ buffer (pH 8.0) containing 1 niM MgCl,. The solu- 
w^ stored at a concentration of 1 mg/ml at -20**. No 
hodiesterase activity was found under the following con- 
^: 10 nmol of the heptamer d-p(T-G-T-C.T-T-T)* was 
^ted 1 hr at 37*» with 20 ^% of calf alkaline phosphatase, 
dephosphorylated heptamer was labeled with "p using 
^ucleotide kinase and [^-"PJATP as described above, 
labeled heptamer was separated by DEAE-cellulose 
matography (Harvey et al,, 1971), The enzyme-treated 
^_er was found to elute at the same position as the 
iar heptamer. This shows that no nucleotides were ex- 
by contaminating diesterases. 

_ ^ alkaline phosphatase was obtained from Worth- 
jQ^ Biochemical and dialyzed against 0.01 m Tris-HQ 
Pancreatic DNase (1 X crystallized), snake 

Nomenclature as specified in Biochemistry 9. 4022 (1970). and 
ned in coUaboraiion with Dr. W. E. Cohn. EtS preceding 5'- 
_ I phosphate symbol p denotes 5-cthyl phosphorothioate. Thui. 
P(bzA) is - 



C2H5S-PO-CH, 




NHCOCeH, 



d-EtS-pCr-ibnG-T-anC-T-T-T-anC-bzA-brA-bzA-T 

..... CNEt. . . ■ • ■ 
I lt-H«ba) H I |(Ac)- 



31% 



CNEt 

HI 1 (Ac) I— 



30% 



(Ac) 



19% 



(Ac) V .. 



18% 



HIt— Tr—-\ (Ac).: -'- 



i (Ac)'B?J^i2? 



d-EtS-pCr-G-T-OT-T-T-C-A-A-A-T) ;. 

1 - 



fr^^rri 5ri;.^Lc ^--^^.^i 



i 



d^^T-OT-T-T-OA-A-A-T) ^ 

FIGURE I : Chemical synthesis of fragment 3 (8) and its 5 '-proteaed 
derivative 7.» Yidds are given above the bars. 



vOTora phosphodiesterase, spleen phosphodiesterase, and 
nucrococcal nuclease were all purchased from Worthington 
Biochemical and used without further purification. 

Oligorwdeotides, The several oligodeoxyribonucieotides 
used in this stuc^ are summarized in Table I. In this paper we 
describe the synthesis of fragment 3 (Figure 1) and its 5'- 
protected derivative. General methods for oligonucleotide 
synthesis, including the procedure for condensation reactions, 
chromatographic techniques, analytical methods, and ex- 
tinction values employed have been described in earlier 
papers. Figure 1 summarizes the synthetic approach*: the 
method of fragment condensation is employed. The outcome 
of individual steps is summarized under Results. Experi- 
mental details are given as legends to the figures. The 5' 
terminus of the growing chain is carried as phosphorothioate 
ethyl ester throughout; its removal by mild oxidative hydrol* 
ysis constitutes the final chemical manipulation. 

The dodecamer 7 was obtained by treatment of 6 with con- 
centrated anunonium hydroxide overnight, followed by evap- 
oration and chromatography on a Sephadex G-15 gel colunm 
(1 X 100 cm) which was eluted with 0.5 m triethylammonium 



*The method of representation is patterned after peptide schemes; 
see, for insunce, Rittel et ai„ 1957. 
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frag ment 5 \ fragment 2 

(5'-3')- • • • -T GCr AAA TTT GAA AGA CAG CAT AT». . . , ... 
(3-5'). . , . T AAA CTT TCT GTC GTA TAG CTA ATT 

fragment 3 f fragment 1 

^^'-^') UGCUAAAUUU.-GAAAGACAGCAUAUGKjAU-UAA 
-Ala -Lys- Phe- Gln-Arg-Glu- His - Met - Asp - ochre 
nouRE 2: Relati nship of DNA fragments t corresponding RNA and peptide sequence. 



bicarbonate (pH 7.5). UDprotected dodecamer 8 was ob- 
tained by treatment of 6 (30 ODao units) in phosphate buffer 
(pH 7), 0.4 M.(0.25 ml), and water (0.5 ml) with a solution of 
iodine (0.2 m) in aqueous potassium iodide (0.4 m, 0^ ml) for 
18 hr. The product was diluted to 5 ml with water, and ex- 
tracted with ether (three 5-ml portions). The aqueous portion 
was evaporated, treated with concentrated ammonium hy- 
droxide (5 ml) overnight and centrifuged. The supernatant 
was evaporated and applied to an agarose gel column (Bio- 
Gd A. 0.5 m, 200-400 mesh, 0.85 X 115 cm) which was duted 
with 0.5 M Et JffliCO,; fraction size, 4 ml, flow rate, 8 ml/hr; 
8 (21 OD„o units, 75 %) was located in fractions 17-20. 

Preparation oj Labeled Fragment 2 and S'-^^P La^ 

beied Fragmma 3. The 5 '-phosphate was removed from frag- 
ment 2 in a reaction mixture containing 20 /xmol of Tris-HQ 
buffer (pH 7.6), 5-8 nmol of fragnient 2, and 5 m8 of calf alka- 
line phosphatase in a total volume of 0.1 ml. The ruction was 
incubated at 37'* for 1 hr and stopped by heating at 100** for 
3 min. This completdy inactivated the alkaline phosphatase 
from calf intestine. The reaction mixture was then brou^t up 
to 0.3 ml by addition of 3 ^ol of Mgdi, 2 /imol of dithio- 
thrdtol, 10 nmol of [7-»»P]ATP (10 X 10« cpm), and 10 units 
of polynucleotide kinase. After incubation for 1 hr at 37% the 



I40r 




FRACTION NUUBCR 

FIGURE 3: Preparation of 1. Condensation, 20 mmd of d-EtSpT 
(Cook et aL, 1972), 20 mmol of d-pibuG(/BuX 45 mmol of MesSOr 
a (mcsitylcncsulfpnyl chloride), 75 ml of pyridine, 3 hr. Work-up, 
25 ml of water; after storage vcmight at 0**, dilute to 200 ml with 
pyridine, treat with 200 ml of 2 n sodium hydroxide f r 5 min at 10% 
neutralize with pyridinium Dowex 50, subject to preliminary DEA& 
ccUuiosc chromatography (not shown) with linear gradient of OJ m 
20% ethanoUc Et,NH,CO, buffer (pH 7.5) into 0.15 m 20% eihano- 
lic EtsNHtCGi buffer. The material emerging with buffer molarity f 
0.17-0.21 was c ncentrated and reapplied t a DEAE column (9.2- 
X 75 cm). Gradient, convex, 0.3 m 20% ethanolic Et,NH,c6, 
buffer pH 7.5 int 9 1. of 0.1 m 20% ethanolic buffer; flow rate, Z5 
ml/min; fraction size, 20 ml. 
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. reaction mixture was separated on a Sephadex G-25 
cdumn (0.9 X 43 cm) by development with 0.5 m triet 
annnonium bicarbonate buffer (pH 7.6) at a flow rate of 6 
hr, 0.45-ml fractions bdng taken. The •'P-labeledfragmei 
was found at the void volume, well separated from the pea 
Ir-**PJATP which foUowed. Fractions containing the des 
5'-**P labeled fragment 2 were concentrated in vacuo to . 
ness and dissolved in 1 ml of HsO. : 

5'->«P labeling of fragment 3 was carried ut by the s 
procedure as described for fragment 2. [y-»»P1ATP was it 
by the procedure of Weiss et al. (1968) except the ATP 
purified on a DEAE-ceUulose colunrm (0.9 X 15 cm) eli 
with a linear gradient of 0-0.5 m triethylamm nium bi 
bonate buffer (pH 7.6) in a total volume of 400 mL . 
Joining of Fragments and Separation of Products. The r 
. don mixture contained 66 mM Tris-HQ buffo* (pH 7.6), 
^ mil MgQi, 6.6 mM dithiothreitol, 5 nmol of ATP, and 1 r 
ci esxh strand (see Discussion and Figure 2) in a total vol 
of 0.06 ml. The reaction mixture was incufa^ed at 0**. wi 
units of T4 ligase. At 1-hr intervals, l-pl samples were remc 
and the "P label assayed for resistance t bacterial alk£ 
phosphatase. The »»P resistant to phosphataisc reache 
maxinmm (40-60% in diester linkage) after 2 hr of incubat 
ITie entire reaction mixture was layered on an Agarose 0. 
column (0.9 X 62 cm). The column was developed at 6 n- 
with 0.5 M triethylammoniima bicarbonate and 0.45-ml ; 
ti(msweretaken.^' . j-?:.. :-V;.;-: 

' Assays for Phosphodiester Bond Formation, The assay 1 
for phosphodiester bond formation measured change of 
label from phosphatase labile to resistant. This was acc 
plished by incubation of the sample with 0.1 ml of 0.1 m : 
HCl buff"er (pH 8.0) and 5 /ig of bacterial alkaline p. 




rKACTION NUMBtN 

FIGURE 4 : Preparation of 2. Condensation^ 6. 1 mmol f 1, 5 mm 
d-p(T-anQAc)) (Kumar and Khorana, 1969), 19 mm 1 of Mes. 
a, 40 ml of pyridine, 3 hr. Work-up, 40 ml of water; after stc 
overnight at 5" adjust to 75 ml with pyridine and treat with 75 r 
2 N NaOH for 20 min at 25*, neutralize with pyridinium Dowe: 
Chr matography, DEAE-cellulosc (6.6 X 90 cm), convex grat 
0.275 M Et,NH,CO, pH 7.5 int 9 1. of 0.05 m buffer; fraction 
20 ml; fi w rate, 2.5 ml/min. Fractions 720-840 were concentr 
and d-p(T-anC) was removed by gel permeati n chromatogri 
(not sh wn) on Sephadex G-25, superfine. Fractions 205 
contained pure 1 Column size, 5 X 100 cm; fl w rate, 1 ml 
of buffer 0.2 m EtiNH,CO, pH 7.5; fraction size, 4 ml. 
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TOO 

rHACTION MUHUII 



J: Preparation of 3. Condcssation, 0.85 mmol of 2, 17 
of d-p(T-T-T(Ac)) (Narang et al., 1969). 7.4 mmol of Mes- 
30 ml of pyridine, 3 hr. Work-up, 30 ml of water; after 
overnight at 5* adjust to 100 ml with pyridine and treat 
JOO ml of sodium hydroxide (2 n) at 0* for 10 min and neu- 
% with pyridinium Dowex 50. Chromatography, DEAE-cdlu- 
(4.4 X 98 cm) bicartxHxate form; gradient, linear, 12 1. of 0.45 
^H,CO, pH 7.5 into 12 L of 0.05 m buffer; flow rate, Z5 ml/ 
" fraction size, 20 mL 



tase for 30 min. After coding, 0.2 ml of a solution con- 
2 iriM sodium pfyrophosphate, 25 riiM potassium phos- 
'frnffer (pH 7.0X and 5 mg/nal of bovine albumin, fpl- 
; 0.2 ml of a 20% Norit suspension (packed volume) 
dded. The suspension was filtered through a 2.5-cm 
eto glass fiber disk (Schleicher and Schuell). The residue 
fished three times with cold 0.01 n HQ. The wet filter 
with washed Norit was placed in a vial with 10 ml of 
^e-based scintillation fluid and "P determined in Packard 
-tiUation spectrometer. Samples containing »'P in place of 
s^labd were handled the same except the supernatant was 
mted and substracted from total radioactivity to determine 
' -^^^l' adsorbable (or phosphatase resistant) label. This 
necessary because of the lower energy of "P, which is 
imted in the ^Ki: channd. 




400 300 600 
mACTION NUM9CII 



URE 6: Preparation of 4. Condensation, 5 mmol of d-CNEt-p- 
'zA-bzA) (Narang et al^ 1967), 20 mmol of d-pT (Ac), 35 mmol of 
i?ssp,a, 100 ml of pyridine, 3 hr. Work-up, 50 ml of water, 70 ml 
•ProjEtN; after storage overnight at 5», dilute to 150 ml with 
^ -idine and treat with 150 ml f 2 n sodium hydroxide at 0* for 20 
?nm; neutralization with pyridinium Dowex 50. Chromatography, 
l&r f*^^*"^^' bicarbonate, (6.6 X 90 cm). Gradient, convex, 0.25 
K£f»NH,CO, pH 7.5 into 0.05 m, 9 l; flow rate, Z5 ml/min; frac- 
"^?D.„^*^ 20 ml. Peak D was evaporated and acetylated using 25 ml 
^f^hydride in 40 ml f pyridine for 18 hr. After water addi- 
"•^ (25 ml) the solution was evaporated and isolated by precipita- 
' in the usual way.- 




400 900 600 700 800 900 

FRACTION NUHBCR 

FIGURE 7: Preparation of 5. Condensation, 3.68 mmol of d-CNEt-p- 
(anC-bzA (Kumar and Khorana, 1969), 1.44 mmol of d-p(bzA- 
bzA-T(Ac), 9.15 mmol of MesSOtO, 25 ml of pyridine, 2.5 hr. 
Work-up, 20 ml of water, 18 ml of iProiEtN, and storage overnight 
at 5 After dilution to 50 ml with pyridine, treat with 50 ml of 2 n 
sodium hydroxide at ()* for 20 min and neutralize with pyridinium 
Dowex 50. Chromatography, DEAE-cellulose, bicarbonate (4.4 X 
78 cm). Gradient, linear, 12L of 0.45 m Et,NH,CO, pH 7.5 into 12 L, 
0.05 m; fraction size, 20 ml; flow rate, Z5 ml/min. Peak C was 
evaporated and applied to a Sephadex G-50 (superfine) gel column 
(5 X 100 cm) (not shown) and eluted with 0.2 m Et<NH|COi; frac- 
tion size, 5 ml; flow rate, 1 ml/min. Pure d-p(anC-bzA-bzA-bzA-T) 
was obtained in fractions 234-250. The product was acetylated as 
described for 4. 



■ Analysis for ^'Nearest Neighbor.'' The degradation of «*P-^ 
or *?P-labeled joined strands for "nearest neighbor" ahalyss - 
(Josse et al.^ 1969) was done as follows. The reaction nxixtu^' 
(0.2 ml) contained 4 OD,eo calf thymus DNA, 50 niM trietb^- 
ammonium bicarbonate buffer (pH 8.7)» 2 mM CaQt, and 
approximately 10,000 cpm of "P- or "P-labded joined 
strand. The mixture was incubated 4 hr with 60 units f 
micrococcal nuclease. After incubation, the mixture was ad- 
justed to pH 5.0 with 1 N acetic add («5 mD and 2 ^1 of 1 m 




200 225 290 2T9 300 
rNACTlON NUMSCM 

FIGURE 8: Preparation of 6. Condensation, 0.044 mmol of 3, 0.05 
mmol of 5, 0.55 mmol of MesSOiQ, 2 ml of pyridine, 1.5 hr. Work- 
up, 1.5 ml of water, 0.5 ml of iProsEtN; after storage overnight at 
5°, apply t a Sephadex G-50 (superfine) column (5 X 100 cm), 
elute with 0.2 m EtiNHiCO,; fraction size, 3.8 ml; flow rate; I ml/ 
min. Peak A was rechromatographed on a DEAE-cellulose column 
(2.5 X 85 cm) (not shown); gradient, linear, 8 1. of 0.4 m Et,NHiCO, 
into 8 1. of 0.3 m; fraction size, 20 ml; flow rate, 1 ml/min. Fractions 
340-420 contained pure 6; 
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TABLE ii: Identification of Chromatographic Pealcs in Figures 3-8. 




5 d-pCr-T-T) 

6 dpT 

7 d-p(anC-bzA) 

. + 

d-p(bzA-bzA-T) 

8 6 + impurity 



d-ptbuG 
d-EtS-p(r.jbuG) 



d-EtS-p(T-A)uG-T-anQ 

Unknown 

Unknown 



d-pCr-anQ 



3 + impurity 
d-p(bzA-bzA) 
d-p(anC-bzA-b2A-bM-l) 

impurity 
Mostly 5 



d-EtS-pCr-ibuG-T^C) 
+ 

d-p(T-anQ 
Pure 3 

d-p(b2A-bzA-T) 




TABLE mi Monomer Composition of Synthetic Intermediates of Fragment 3. 




d-EtS-p(r-G) 
d-EtS-p(T-G-T-Q r 

d-EtS-pCrXS-T-C-T-T-T) 
d-p(A-A.D ' J 
d-pCC-A-A-A-T) 

d-EtS-pCr^-T-C-T-T-T-C-A-A-A-T) 



63.8(66.7) 
59.3(60) 
25.1 (25) 



25.2 (25) - 
^5.6 (14.3) 

■ 20.0(20) 
17.0(16.7) 



49.6(50) 
24.4 (25) 
13.0(14.3) 



':t;;j.^50,4(50) 

50.4(50) 

: 71.4(71.4) 
: .36.2(33.3) 
20.7(20) 
51.4(50) 



potassium phosphate (pH 6.5) was added to inhibit phos- 
phatases. Thfs reaction was incubated with 1 .65 units of spleen 
phosphodiesterase for 2 hr and stopped by heating to 100« for 
2 nun. The 3 '-nucleotides were separated and examined for 
radioactivity. 

Other Materials. The ATP used was obtained and purified 
as descnbed earlier (Harvey and Wright, 1972). Crystalline 
bovine albumm was purchased from Schwarz-Mann. Agarose 
(Bip-Gd A, 0.5 m) was obtained from Bio-Rad Laboratories 
and columns prepared as recommended by the distributor. 

Results and Discussion 

The studies here detailed were carried out in connection 
with a wider synthetic prognun of molecules containing infor- 
mation for defined peptide sequences. SpecificaUy, the seg- 
ments jomed by ligase here constitute the "right" end of a 
"gene" coding for a modified S'-peptide of ribonudease A 
(Finn « al., 1968). Figure 2 depicts the relationships between 
the chemically synthesized DNA fragments consisting of an 
(uptxr) nonsense and ^ower) sense strand, the corresponding 
RNA sequence, and the c gnate peptide chain. Chemical syn» 
thesis f deoxyribonucleotide oligomers is practical iip to a 
pomt: when a size of 10-20 units is reached, enzymatic joining 
of such molecules becomes possible. . 

TTie synthesis of fragment 3 is shown in Figure 1. Hgures 
3-8 summarize the chromatographic purificati n of the reac- 
tion mixtures, and Table II identifies the peaks therein. The 
S-ethyl group was employed as the 5 '-terminal blocking 



group; it was retained until completion of the chain anc 
moved using iodine-virater (see Cook et al., 1972, for fur 
details of this group). Oligonucleotides were analyzed (T 
III) for their base content by ammopia hydrolysis followei 
snake venom diesterase digestion and high-pressure lie 
chromatography (Gabriel and Michalewsky, 1972). Pt 
chromatographic properties are summarized in Table IV. 



TABLE IV : Paper Chromatography of Fragment 3 and Synth 
Intermediates. 



Compound 



M bility (dpT = 
for System" 

A^ B C 



d-EtS-p(T-G) 0.98 1 18 1.2 

d:EtS-p(T.G-T-Q 0.72 0.85 0.8 

d-EtS-p(T-G.T-C-T.T-T) • 0.36 0.52 0.6 

d.p(A-A-T) 1.09 0.55 0.7 

d.p(C-A-A-A-T) 0.96 0.30 0.5 

d-EtS-p(T-G.T.C-T-T.T-C-A.A-A-T) 0.22 0.1 

d-p(T-G-T-C-T-T-T-C-A-A-A-T) 0.18 0.0 

•System A, isobutyric acid-concentrated ammoni 
hydroxide-water (57:4:39, v/v/v); B. ethanol-1 m ammoni 
acetate, pH 7 (1 :1, v/v); C, l-propanol-< ncemrated t 
monium hydroxide-water (55 : 10 : 35, v/v/v). 
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Protected _5 2. 
tS-ptT-G-C-T-A-A-A-T-T-T-G-A) d-*p(A-A-G-A-C-A-6-C-A-T-A-T ) 

Poiynucleotide 1 
ItgoM ▼ 

d-EtS-pl T-G-C-T-A-A-A-T-T-T-G-ApA-A-G-A-C-A-C-C-A-T-A-T ) 



Protected 1 ^ 

t*-EfS-p(T-T-A-A-T-C-C-A-T-A-T-G-C) d-*p( T-G-T-C-T-T-T-C-A-A-A-T ) 



I Z petMioi^ 

d-EtS-p(T-T-A-A-T-C-C-A-T-A-T-C-C pT-6-T-C-T-T-T-C-A-A-A-T) 



^.300 
200 




90 40 50 

FRACTION NUMBen . 



9: Separation of product after joining fragment 2 to protected 
"t 5 in the presence of protected fragment 3. The ligase-joirn 
jtion and details of separation by gd chromatography are 
in the Expe ri me nta l Section. The first peak to emerge is the 
material; the second represents the mixture of starting mate- 



^^oinings were carried out with polynucleotide ligase. 
:!^cteri6phage T4:fragrnent 2 (Figure 2) was joined to 
i^rotected fragment 5 under the template guidance of pro- 
^(ragment 3, and fragnient 3 was in turn joined to pror 
1, fragment 1 under similar control of protected fragment 
sreactions were monitored by prior labeling of the donor 
^ents (fragments 2 and 3) with tracer phosphate at the 
OTjiniis, and their incorporation into molecules of greater 
im Observed in gel chromatography (Hgures 9 and 10). 
^P^ed, the peaks ehierging in front of the input donor 
ecules had the phosphate label in phosphatase-resistant 
&j)hodiester linkage, . •. ^- , 

"^"earest neighbor analysis proved the specificity of ihe indi- 
te joinings: the radioactive 3 '-nucleotide produced from 
.niicrpcoccal spleen digest of the joining of fragment 2 to 
^ed fragment 5 was exclusively [*»P]dAp, whereas, in the 
of joining fragment 3 to protected fragment 1, ["PJdCp 
obtained. 

m are several problems connected with such biochem- 
:^ndensations: in addition to the possible complications 
feoned in the introductory statement, the fact that the 
'components of such joining reactions are of similar size 
their recovery difficult Here the presence of the phos- 
thioate termini may be helpful; aside from the fact that 
i^^odify the chromatographic behavior of oligomers by 
T.lipophilicity, and that they inherently carry one charge 
than the corresponding primary phosphates, their reac- 
toward a large variety of nucieophiles (Cook et al., 1969) 
^ subsequent modification— including reaction with 
^^omolecular species—possible and thus may als be 
"^^jn recovery attempts. 

siifnmary, the substrate specificity of polynucleotide 
from bacteriophage has been extended to oligo- 
.carrying phosphorothioate termini at those sites n t 
in the generation of the new phosph diester 
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nouRE 10: Separation of product after joining fragment 3 to pro- 
tected fragment 1 in the presence of protected fragment 2. Details 
of jcMning reaction and gd chromatography are given in the Experi- 
mental Section. Peaks as in Figure 9. 
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Binding of Ethidium Bromide to Double-Stranded 
Ribonucleic Acidt 

R. J, Douthart,* J. P. Burnett, F. W. Beasley, and B. H. Frank 



ABCTRAcr: The interaction of ethidium bromide with double- 
stranded RNA {Penicillium chrysogenum) has been investi- 
gated using spectroscopic; Spectropolarimetric, hydrody- 
namic, and thermal mdting techniques. The binding isotherms 
(Scatchard plots) are dependent on ionic strength, the ap- 
parent binding constants arid number of binding sites m 
quite similar to those found for DNA mder similar condn 
tions (Waring, M. J. (1965a), J. Mol. BioL 13, 269), Hydro- 
dynamic studies of the dye-RNA complex show a 53% in- 
crease in its viscosity increment, a 13% decrease in its relative 
sedimentation coefficient, and a decrease in its buoyant den- 



sity in C^04 as compared to RNA alone. Thermal me 
studies show a marked increase in the Tn {AT^ = 26**). 
ible-regjon circular dichroic bands are induced when the 
is bound to RNA. These effects are also veiy similar to th 
suits of studies on ethidium bromide-DNA complexes ( 
gleish, D. G., Peacoche, A. R., Fey. G., and Harvey, C (l: 
Biopolymers 10, 1853; Let>ecq, J. B., and Ptoletti, C. (l! 
y. Mol. Biol. 27, 87). Our data appear to indicate two mod 
binding of the dye to RNA which are consistent with ele* 
static and intercalative interactions. * 



ethidium bromide is a dye which has b^ widely used in 
nucleic add binding studies. As a drug, it has trypanocidal, 
antibacterial, and antiviral activities (Dickenson et al., 1953* 
Newton, 1964). The dye inhibits DNA polymerase (EUiott^ 
1963) and DNA^Jependent RNA polymerase (Waring, 1964). 
In vitro the dye binds to both RNA and DNA (Waring, 1965a). 

Two main modes of binding to native DNA have been sug- 
gested based on the results of spectral and hydfodynamic 
studies. The pnmary and generally stronger mode of binding 
has been mterpreted as "intercalation" where' a part of the 
ethidium ion sandwiches between adjacent base pairs. Spec- 
tral shifts in the 480-mM absorption band of the dye (Waring, 
1965a) together with A decrease in sedimentation coeffideS 
(LePecq and Paoletti, 1967) and an increase in viscosity 
(LePecq, 1965) with extent of binding occurs on formation of 
the complex. The hydrodynamic changes, indicative of 
lengthening of the DNA polymer, support the intercalation 
hypothesis. A decrease in buoyant density upon binding of the 
dye to DNA has also been observed (LePecq and Paoletti, 

1967) . • . ^ 

Hydrodynamic changes also occur in closed circular 
DNA in the presence of ethidium bromide. These changes can 
be related to changes in superhelical density due to inter- 
calation (Crawford and Waring, 1967; Bauer and Vinograd, 

1968) . Recent electron microscopic studies show a 27% in- 
crease in molarular length for a linear DNA-^thidium bromide 

t From the Lilly Research Laboratoriet, EU LiUy and Company, 
IndjanapoUi, Indiana 46206. Heceioed July 3, 1972. 
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complex and a relief of superhelical twisting in closed cir{ 
DNA in the presence of ethidium bromide (Freifelder, l: 

The second and generally weaker mode of binding is 
evident at low salt and high ethidium bromide cbncentra 
This mode is thought to be an electrostatic interaction 
tween the phosphate groups in the double-stranded nu 
acid backbone and the dye molecules. 

The same types of spectral effects have been observed v 
ethidium bromide binds to RNA. A number of RNAs o 
defined secondary and tertiary structure have been studiec 
duding ribosomal (Waring. 1965a), "core" (Waring, 19 
and tRNA (Bittman, 19(59). LePecq and Paoletti (1 
postulated intercalative binding of ethidium bromide pr- 
entially to helical regions in RNA. Waring (1965b) i 
spectral techniques studied binding of the dye to a grou 
synthetic polynucleotides. He was able to establish a rela. 
ship between the degree of secondary (helical) structuire 
the strength of primary binding. In these spectral studie. 
RNA and RNA-like polynucleotides, primary binding is < 
sidered synonymous with intercalation. H weVer, this 
posal must be viewed with some reservation since there i: 
supporting hydrodynamic evidence for these systems and 
spectral effects in themselves ar not sufficient to defir 
mode of binding. 

In the present study th interaction of ethidium bror 
with native double-stranded RNA (ds-RNA),i having 
ondary and tertiary structural characteristics and hy^ 

» Abbreviation used is: ds-RNA. double-stranded RNA. 
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OUGONUCLEOTIDIC COMPOUNDS, XLH.* 

SYNTHESIS OF THYMIDINEPHOSPHOROTfflOYL-(0^ O^ )- 

THYMIDINEPH0SPHOROTHIOYL-(O^' 0*')-THYMIDINE** 
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Czechoslovak Academy of Sciences, 166 10 Prague 6 
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Reaction of thymidine 5'-phosphorothioate (/) with acrylonitrile at pH 8— 9 and the subsequent 
treatment with acetic anhydride in pyridine affords 3'-b-acetylthymidlne 5'-S-(2-cyanoethyl). 
phosphorothioate (lib). By the action of pyridinium S-{2-cyanoethyI)phosphorothioate and 
2,3J-triisopropylbenzenesuifonyi chloride, 5'-0-dimethoxytritylthymidine {III) is converted 
to 5'-0-dimethoxytrityithymidine 3'-S-(2-cyanoethyl)phosphorothioate (IV). Reaction of com- 
pounds lib and /// in the presence of 2,3,5.triisopropyibcnzenesulfonyl chloride and the subse- 
quent treatment with 90% aqueous acetic acid affords thymidinephosphorothioyKO^'-^-O'')- 
3'.0-acetylthymidine [P-S.(2-cyanoethyi) ester] (VI). Reaction of compounds IV and K/accom- 
piished by the action of 2,3,5-triisopropylbcnzenesulfonyl chloride and the subsequent removal 
of protecting groups affords thymidinephosphorothioyl-(0^' O^Vthymidincphosphoro- 
thioyl-CO^'-*- 0*')-thymidine (X), 



CHiCHjCN 




0^ ^S-CHjCHXN 

.„ DMTr = dimethoxytrityl 



• Part XLI: This Journal 37, 4088 (1972). 

*• Parts of this work have been reported in a preliminary communication ^ 

Present address: Institute of Technology, Department of Chemistry. Lodz, Poland. 

Oillection Czechoslov. Chcm. Conimun. /Vol. 38/ (1973) 



EXHIBIT E 



Malkievira, Smn : 



Polynucleotidic chains are used by the living matter for the storage of genetic informa- 
tions as well as for the transport of these infdrmations into the protein-synthesising 
systems. Processes involving informations stored in the sequence of bases in a poly- 
nucleotidic chain, may be investigated or controUed by means of synthetic chainr 
of known sequences. The synthetic oligo- or polynucleotides may be successfully used 
only in simple biochemical systems lacking enzymes which cleave the intemucleotidic 
bond. The more complex systems and the untouched living matter would probably 
require the use of such synthetic analogues that would be resistant towards enzy. 
mes or at least relatively less susceptible than the naturally occurring polynucleotides 

Such a requirement could be realised by synthesis of oligonucleotide analogues 
the intemucleotidic bond of which is formed by phosphorothioic acid 0,0-diester^ 
The enzymaticaUy prepared polyribonucleotide analogues of this type maintain the 
ability to form double-stranded polymers and tiie messenger abiUty, being however 
more resistant towards nucleases than the parent substances. 

The O.O-dinucleoside esters of phosphorothioic acid have been syntiiesised b\ 
condensation of a nucleoside phosphorotiiioate with a nucleoside bearing a free 
hydroxylic function^-*; this method is not suitable for the preparation of longe: 
chains since a mixture of O.O- and O.S-diester is obtained in each step. The unequivo- 
cal syntiiesis of phosphorothioic acid O.O^iester would to our opinion involve 
the O.O.S-triester; the sulfur atom of this triester would be protected by such a group 
which could be easUy removed in the final step of the syntiiesis. This 0,0,S-trieste: 
could be obtained by condensation of a O.S-diester witii the hydroxyUc function 
of the other component by the action of an aromatic sulfonyl chloride, analogoush 
to the triester synthesis of the intemucleotidic bond*. 

The reaUsation of diis proposal has been first attempted in the deoxyribo serie: 
because of the easier accessibility of tiie starting compounds. The sulfur atom wa: 
protected by tiie 2-cyanoetiiyl group which has been some time ago proposed b' 
Letsinger* for triester syntiiesis of the intemucleotidic bond. The clue compounc 
of the synthesis, namely, thymidine 5'-S-(2-cyanoetiiyl)phosphorotiii ate (Ila) has 
been prepared by Cook* by reaction of thymidine 5'-phosphorotiiioate (/) with 
3.bromopropionitrilc. Alternatively, the S-(2-cyanoetiiyl) ester of nucleoside thio^ 
phosphates may be prepared by a direa cyanoethylation of nucleoside phosphoro- 
tWoates witii acrylonitrile'. Thymidine 3'-phosphorotiiioate is claimed' to react 
with acrylonitrile under bufiered conditions to afford S-(2-cyanoetiiyl) ester aionj 
with 27% of the 0-(2-cyanoetiiyl) ester (at pH 5-5) or witii 13% of the O-ester (a. 
pH 7-5). The amount of tiie O-ester in the cmde produa was however determined 
by a method which, to our opinion, was not suitable for this purpose. Thus, the crudi 
cyanoethylation product was treated witii potassium f€rricyanide and then cone 
aqueous ammonia was added after a certain period of time. The thus-obtained pra 
dutt was subjected after an inaccurately stated period of time to electrophoresis: 
the presence of the O-ester was deduced' from tiie formation of a bis(nucleoside- 
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phosplioi7l)tlisuiade with reference to the paper of Eckstein^ this author, however, 
performed the ferricyanide oxidation of phosphorothioic acid 0-monocster, not of the 




O^P-SCH^CHjCN 




AcO 




HO-n 




K. R = dimethoxytrityl 
n, R = li 



VIII 



IXa, R = CH2CH3 
IXb, R = CH2CCH4NO2 




R*0 




/ 

O-P-SR 

/ 



/ 

O-P-SR 

/ 



T 




HO 



HO 



Vila, R^ = dimethoxytrityl X 
r2 = CHjCHjCN, R^ = COCHj 

Vllb, R^ = H, R^ = CH2CH2CN 
R* = COCH3 



XIa, R == CH3CH3 
Xlb, R = CH2C6H4NO2 
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corresponding 0,0-diester. The phosphorothioic acid 0,0-diester can be hardly 
assumed to react with potassium ferricyanide since, e.g,, the bis(dialkoxyphosphoryl)" 
disulfides exhibit a higher oxidation-reduction potential than the ferricyanide'. 
In this laboratory, we did not observe any reaction of thymidinephosphorothioyl- 
(O^' O*) '-thymidine {VIII) with the ferricyanide. Addition of anmionia'' to the 
ferricyanide-containing reaction mixture was accompanied by P-eUmination of the 
2-cyanoethyl group both with the 0-{2-cyanoethyl) and the S-(2-cyanoethyl), ester, 
though at a somewhat slower rate in the latter case*. Consequently, the results 
depend on the time of action of the alkaline medium. We have shown that also the 
treatment of thymidine 5'-S-(2-cyanoethyl)phosphorothioate (J/a) with potassium 
ferricyanide and cone, aqueous ammonia led to the formation of the corresponding 
bis(nucleosidephosphoryl)disulfide (about 50% after 48 h). 

In the cyanoethylation of phosphorothioic acid O-esters, the yields of the diesters 
were found to increase with the increasing pH value of the solution. At pH 8-9, the 
reaction is quantitative and affords exclusively the S-(2-cyanoethyl) derivatives under 
the conditions stated, as shown by iodine tests. When the 0-(2-cyanocthyl) esters 
are formed at a lower pH value, they can be isomerised to the more stable S-isomers 
by raising the pH value^^. 

According to Cook^, thymidine S-(2-cyanoethyl)phosphorothioate (Ua) does 
not afford on self-condensation any oligomeric products; it could be inferred from 
this finding that the formation of an 0,0,S-triester does not occur or that a 3',5'-cyclic 
triester is obtained. The reaction of 3'-0-acetylthymidine 5'-S-(2-cyanoethyl)phospho- 
rothioate (176) with 5'-0-dimethoxytritylthymidine (III) by the action of 2,3,5-tri- 
isopropylbenzenesulfonyl chloride has been now observed to afford the 0,0,S- 
triester Kin 80% yield. By the action of aqueous ammonia, the triester Fis converted 
to a dimethoxytrityl-containing substance, the immobility of which on thin-layer 
chromatography in 9 : 1 chloroform-methanol solvent system points to the occurren- 
ce of an ionic substance (0,0-dicster). The 0,0,S-triester V was also treated with 
90% aqueous acetic acid and the course of detritylation was checked by thin-layer 
chromatography. The reaaion was quantitative after 2h. The product, namely, 
thymidinephosphorothioyHO^' O^'j-B'-O-acetylthymidine [P-S-(2-cyanoethyl) es- 
ter] {VI), was isolated by chromatography on a loose layer of silica gel. Deblocking 
of the ester VI with 1:1 methanol-conc. aqueous ammonia afforded thymidine- 
phosphorothioyl-(0'' 0*')-thymidine^ The above resuhs have shown the realiza- 
bility of the triester synthesis of phosphorothioic acid 0,0-diester via 0,0-dialkyl- 
-S-(2-cyanoethyl) esters. 

The above discussed synthesis was performed with the use of a nucleoside 5'-S- 
-(2-cyanoethyl) ester. The other approach consists in the reaction of a nucleoside 
3'-(2-cyanoethyl) ester with the C^j.j-hydroxylic function of the second component. 
In the latter approach, 5'-0-dimethoxytritylthymidine-3'-S-(2-cyanoethyl)ph sphoro- 
thioatc {IV) served as the active component. Compound 77 was prepared in a high 
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yield by condensation of S'-O-dimethoxytrityl thymidine (III) with the pyridinium 
isalt of S-(2.cyanoethyl)phosphorothioate^^ by the action of 2,3,5-triisopropyl- 
'benzenesulfonyl chloride. This procedure represents the most advantageous method 
.for the preparation of S-(2-cyanoethyI) derivatives of phosphorothioic acid O-esters 
as well as of phosphorothioic add O-esters alone (because of the ready removability 
^of the 2-cyanoethyl group), cf. ref." 

The phosphorothioate grouping of compound IV is resistant to potassium ferri- 
cyanide. In the presence of potassium ferricyanide, cone, aqueous ammonia splits 
ff the 2-cyanoethyl group and the resulting phosphorothioic acid O-ester is oxidized 
Tvith the ferricyanide unter the formation of the corresponding bis(nucleosidephos. 
horyi)disulfide. The 2-cyanoethyl and the dimethoxytrityl groups are quantitatively 
removed by the action of an acidic 1% solution of iodine in 50% aqueous acetone 
(checked by electrophoresis). 

Condensation of the triester VI with the pyridinium salt of the diester IV by the 
^ction of triisopropylbenzenesulfonyl chloride afforded the protected trinucleotide 
•7/a in 38% yield. The duncthoxytrityl group was removed on treatment with 90% 
queous acetic acid under the formation of compound Vllb. Removal of the acetyl 
d the 2-cyanoethyl group from compound Vllb with the methanol-aqueous 
ammonia solvent mixture aflForded the phosphorothioate analogue X of thymidylyl- 
ymidylyl-thymidine. The structure of compound X (as inferred from the synthesis) 
,as confirmed on comparison with the thionucleotide VIII by chromatography 
(slower mobility of X) and electrophoresis (faster mobility of X). Another proof 
*f structure of compounds VIII and X consists in S-alkylation with alkyl halides; 
' 1 reaction is charaacristic of salts of phosphorothioic acid 0,0-diester"-^^. Thus] 
atment of compounds VIII and X with ethyl bromide in methanol and with 
nitrobenzyl bromide in dimethylformamide aflForded products, the chromato- 
phic and electrophoretic behaviour of which was similar to that of the 0,0,S-tri- 
-rs IXab and XIab. 

tie results of the present paper represent a starting point for investigations on the 
pwise synthesis of analogues of oligonucieotidic chains carrying phosphorothioyl 
,0-diester bonds. 



EJCFERIMENTAL 

hin-iayer chromatography was performed on ready-for-use SUufol UV^j^ plates (Kavalicr 
lassworks, Votice, Oechoslovakia) in the following solvent systems: Tj, 2.propanol-conc. 
-eous ammonia-water (7:1: 2); Tj. chioroform-mcthanol-pyridine (90 : 5 : 5); T3, chloro- 
--methanol (9 : 1); T4, chiorofonn-methanol-pyridine (8 : 1 : 1). The preparative runs were 
Conned in the same systems on a 6 mm thick layer of loose silica gel (particle size, 10—60 
."cron) containing a flaorcsccnt indicator (produced by Service Laboratories of this Institute 
Prague - Suchdol). The dimethoxytrityl derivatives were detected by pressing a strip of paper 
the m ist chromatographic layer of loose silica gel and spraying the paper with a 10% solution 
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of perchloric acid in 30% aqueous acetic acid. The bands were eluted with 1 : 1 chloroform- 
methanol solvent mixture (TJ. Electrophoresis was performed on paper Whatman No 1 (immer- 
sed in tetrachloromethane) in E\, 0 05m tricthylanmionium hydrogen carbonate (pH 7-5). 

Thin-layer chromatographical mobilities in systems T^ and T3, and the eiectrophoretical 
mobility in the buffer solution E: uridine Z^SO-phosphate (01, 0, 10); / (0-46. 0, 0-92); // (0-84 
0-50); /K(0-84, 0<)5); K(-, 0-60, -); VI(-, 0-24, K//fl(-, 0-27, Vnb{-, OOl] 
-); yjIKO SS, 0. 0-59); XIa(-, 0-16, -); IXb(-, 0-25, -); X(0-4h 0, 0-89); A7a(-, 0-15, 
0*20, -). 



Thymidine 5'-Phosphorothioatc (/) 

In the preparation of the tide compound (/), the reported^ procedure was used with s me modi- 
fications in the isolation. The reaction mixture consisting of 3'-0-acetylthymidine (2mmol), 
S-(2-carbamoylethyl)phosphorothioate pyridinium salt (5 nmiol), N,N'-dicyclohexylcarb diimidc 
(2 g), pyridine (5 ml), and hcxamethylphosphoric triamide is allowed to stand f r 4 days, diluted 
with water (5 ml), kept for additional 2 h, and evaporated under diminished pressure. The hexa- 
methylphosphoric-triamideKX)ntaining residue is treated with 0'2M-NaOH (100 ml), the resulting 
mixture refluxcd for 15 min, and allowed to cool. Pyridinium Dowcx 50 ion exchange resin is 
then added to obtain pH 7. The resin is filtered off and the filtrate evaporated under riimiTii^hni 
pressure. The residue is chromatographed on a 40 X 16 X 0*6 cm layer of loose silica gel in the 
solvent system Tj. The ultraviolet-absorbing band (Rp 0-55) is eluted with witer and the eluate 
passed through Dowex 50 (H*) ion exchange resin. The effluent is adjusted to pH 7-5 by the addi- 
tion of barium hydroxide and concentrated under diminished pressure to the volnme f 20 ml. 
The precipitate is removed by centrifugation and the supernatant is diluted with etfaanol (40 ml). 
The solid is isolated by centrifugation, washed successively with 66% aqueous ethan 1, 99% 
ethanol, and finally with ether, and aur-dried. Yield, 454 mg of the barium salt of /. 

3'*0-Acetylthymidine 5'-S-(2-Cyanoethyl)phosphorothioatc (lib) 

The anmionium salt of compound / (obtained by the preparative thin-layer chr mat graphy a* 
stated above) is dissolved in 50% aqueous dimethylformamide (8 ml) and the soluti n is adjustec 
to pH 8— 9 with triethylamine. Acrylonitrile (2 ml) is then added, the whole mixture stirred ai 
toom temperature for 20 h, and finally passed through a column of pyridinium Dowex 50 ior. 
exchange resin (50 ml). The eluate was evaporated to dryness tmder diminished pressure and the 
residue cocvaporated with three 10 ml portions of 9 : 1 ethanoi-triethylaminc. The ethanol is 
removed by coevaporation with pyridine and the final residue is dissolved in pyridine. As showr 
by spectrophotometry after chromatography of an aliquot on paper Whatman No 1 in the solvcni 
system Tj, the solution contained 0-5 nunol of the triethylamonium salt of thymidine 5'-S-(2-cya- 
noethyOphosphorothioate, identical on electrophoresis and chromatography with a spccimer 
prepared according to rcf.^. As shown by quantitative decyanoethylation with iodine, the corres- 
ponding 0-(2<yanoethyI) derivative is absent. 

Acetic anhydride (5 ml) is added to the above pyridine solution, the reaction mixture kcp' 
at room temperature for 20 h, and evaporated at 20*C/1 Torr. The residue is kept in 50% aqueoui 
pyridine (10 ml) for 3 h and then passed through a column of pyridinium Dowex 50 (20 mi). Thi 
colunm is eluted withadditional 50% aqueous pyridineand the eluate is evaporated at 20'*C/1 Torr. 
The water is removed by repeated coevaporations with pyridine. The final residue is dissolved ir 
pyridine (10 ml) and the solution is added dropwise with stirring into ether (300 ml). The precipit 
ate is collected with suction, washed with ether, and dried under diminished pressure. Yield 
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279 mg of the pyridinium salt of compound lib. For C, 5H20N3O8PS.C5H5N (512-4) calculated: 
10-94% N, 6 05% P. 6-25% S; found: 10-27% N, 6-00% P, 6-76% S. 

5'-0-Dimethoxytritylthymidine 3'-S-(2-Cyanocthyl)phosphorothioatc (IV) 

L mixture of S-(2-cyanocthyl)phosphorothioatc pyridinium salt^^ (2 mmol) and 5'-0-dimethoxy- 
tritylthymidine (1 mmol) is repeatedly coevaporated with pyridine at 20*C/1 Terr and the final 
sidue is dissolved in pyridine (10 ml). The solution is shaken with 2,3,5-triisopropylben2ene- 
*sulf nyl chloride (600 mg) for 10 min» concentrated to a half of the original volume under dimi- 
prcssurt. and the concentrate kept at 20*C for 20 h. Water is then added (5 ml) and the 
mixttire is extracted with chloroform (30 ml). The extract is washed, dried over magnesium sulfate, 
Dnccntrated to the volume of 10 ml, and the concentrate added dropwise with stirring into ether 
(200 ml). The precipitate^s collected with suction, washed with ether, and dried under diminished 
Yield, 600 mg (78%) of the pyridinium salt of compound IV. For C34H3eN309PS. 
CjHjN (772-7) calculated: 7-25% N. 4-03% P. 4-19% S; found: 714% N, 3-85% P, 3-99% S. 



5'-0-DimethoxytritylthymidinephosphorothioyHO^'- 
lP-S-(2-Cyanocthyl)Ester] (V) 



O^0-3'-O.acctylthymidine 



-mixture of the pyridinium salt of compound lib (137 mg; 0-2 mmol) and 5'-0-dimethoxy- 
/Ithymidtne (217 mg; 0-4 mmol) is coevaporated with three ponions of pyridine and the final 
iidue is shaken with 2,3,5-triisopropylbenzenesulfonyl chloride (180 mg) and pyridine (5 ml) 
' 10 min. The reaction mixture is concentrated just to crystallisation, kept at room temperature 
or 20 h, diluted with chloroform (3 ml), and chromatographed on one 20 X 20 X 0-6 cm layer 
"^loosc silica gel in the solvent system T2. The dimethoxytrityl-group-poshive band (R^ 0-50) 
duted with the solvent system T^, the eiuate evaporated, and the residue dried under dimi- 
prcssurc. Yield, 154 mg (80%) of the triestcr V. For C4eH5oN50i4PS (959-9) calculated: 
?% N, 3-23% P, 3-33% S; found: 6-98% N, 2-83% P, 3-17% S. 

-ThymidinephosphorothioyHO^'-»- 0*')-3'.0-acetylthymidine [P-S-(2-Cyanocthyl) Ester] (VI) 

solution of the triester K(130 mg) in 90% acetic acid (5 nU) is kept at 20*C for 2 h and cvaporat- 
"^120*0/1 Ton. The acetic acid is removed by repeated coevaporadons with 1-butanoL The 
residue is dissolved in chloroform and chromatographed on one 20 X 20 X 0-6 cm layer 
zc silica gel in the solvent system T3. The ultraviolet-absorbing band (Rp 0-25) is eluted 
I the solvent system T^, the eiuate evaporated, and dried under diminished pressure. Yield, 
jmg f compound VI. For CjaHjjNjOijPS (657-6) calculated: 10-66% N, 4-64% P, 4-87% S; 
wind: 10-45% N, 4-39% P. 4-72% S. 



'-O-DimethoxytrityhhymidinephosphorothioyHO^'->"O^0-thymidinephosphorothioyI- 
i:(0^'-^0*')-3'-0-acetylthymidine [Bis-Pi-S,P2-S.(2-cyanoethyl) Ester] (Vila) 

mixture of the triester VI (60 mg) and the pyridinium salt of compound IV (155 mg) is co- 
^orated with three ponions of pyridine and the residue is shaken with 2,3,5-triisopropyl- 
zesulfonyl chloride (120 mg) in pyridine (5 ml) for 5 min. The reaction mixture is evaporated 
diminished pressure just to crystallisation, kept at room temperature for 20 h, diluted 
* chloroform, and chromatographed on one 20 x 20 x 0-6 cm layer of loose silica gel in the 
t system T4. The dimethoxytrityl-group-positive band (9 - 15 cm) is eluted with the solvent 
Te, the eiuate evaporated under diminished pressure, and the residue coevaporated re- 
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peatedly with toluene to remove pyridine. The residue is then rechromatographed as above 
except for the solvent system T3. The ultraviolet-absorbing band (Rp 0-43) is eluted with the 
eluant Te, the eluate evaporated, and the residue dried under diminished pressure. Yield, 44 mg 
(38%) of compound Vila, 

ThymidincphosphorothioyKO^'-^O^0-thymidinephosphorothioyl-(O^'-^ O^O-thymidinc 

A solution of compound Vila (40 mg) in 90% aqueous acetic acid (5 ml) is kept at 20'C for 2 h, 
evaporated at 20*C/1 Torr, and the residue coevaporated repeatedly with 1-butan 1 to remove 
acetic acid. The thus-obtained detritylated derivative Vllb is dissolved in a mixture of methanol 
(1 ml) and cone, aqueous ammonia (1 ml), the solution kept at 50°C for 1 h, c led d wn, and 
chromatographed on one 20 X 20 X 0-6 cm layer of loose silica gel in the solvent system T^. 
The ultraviolet-absorbing band (Itp 0 50) is eluted with water, the eluate evaporated to dryness 
under diminished pressure, the silicic-acid-containing residue taken up into a little water, filtered, 
and freeze-dried. Yield, 22 mg of the ammonium salt of compound X. 

Reaction of 0,0-Diesters VIII and X with Ethyl Bromide and p-Nitrobenzyl Bromide 

Compounds VIII and X (about 1 mg each) were dissolved in 0*03 ml of methan 1 (reaction with 
ethyl bromide) or 0-03 ml of dimethylfonnamide (reaaion with />-nitrobenzyl bromide), the solu- 
tions treated with the corresponding halide (about 10 mg each), the whole kept at SO'^C for 6 h, 
cooled down, and chromatographed on a thin layer of silica gel (Silufol UV254) in the solvent 
system T3. On treatment with ethyl bromide, the 0,0-diesters VIII and X were converted to the 
corresponding triesters IXa and XIa in c. 50% yield; the triestcrs IXb and Xlb were obtained 
in an almost quantitative yield on treatment with /^nitrobenzyl bromide. 

Reaction of Thiophosphoric Acid Diesters with Potassium Ferricyanide 

A. Compounds lib and IV (about 5 mg each) were kept with finely ground p tassium ferri- 
cyanide (10 mg) in 50% aqueous acetone (0*05 ml) at 20*^C for 20 h. As shown by chr matograph> 
in T^ and electrophoresis in £|, compound // did not react at all and compound split off the 
dimethoxytrityl group. The reaction mixtures were then treated with 0*05 ml of coned, aqueous 
anunonia each and subjected to electrophoresis in the btiffer solution As shown by withdrawal 
of samples in intervals of 12 h, there are gradually formed electrophoretically more mobile com- 
pounds (0*84up), namely, bis(nucleosidephosphoryl)disulfides. After 48 h, the yield is about 
50%. 

B, Powdered potassium ferricyanide (5 mg) was added to a solution of comp imd VIII (2 mg) 
in 50% aqueous acetone (0*05 ml). The samples were withdrawn in intervals of 24 h and analysed 
by chromatography in Tj and electrophoresis in E^, Even after 5 days, the starting compound 
VIII did not show any change. 

Elemental analyses were earned out in the Analytical Department (Dr J. Hordiek^ Head) of (hi: 
Institute, 
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ABSTRACT A series of nonionic oligonucleotide anaIoffiiP« 
the deoxvnbooligonucleoside methylpho^honX w^^^^ 

mn va! • n e the in cftro translation of 

they had Lch le^eSo^^Jhi'^^^^^^^^^ 

polypephde synthesis. In the r^ti<^oSie J^!S A^"^ 

on pr teu synthesis strongly suggests thSibiKon nf^Ti? 

Si nroS. ; ^if T'"^''* -ethylphosphSs ffi^^ 
t»th protein synthesis (without concurrent mhibilion of RNA V^T 
thesis) and colony formation by £ coU ML 30^2M /a oermpfffi 

ceBs in culture, this series of analogues had n«*rifcl- 

f 0? colony formation by tSSSluS S 

stadvindicatesthatthisclassoflionionicoIiioS 

«m be used to probe and regulate the ftS^SdltiS^of 

nucleic acids of defined sequenc e within living cells. ™^ 

E?1p f "^^T '^^-P^g intenictions with com- 
P^mentary obgonucleotides. Bin«ling of oligonucleotides to 
tnes regions can be used to probe and regulate the struc 
SrfTSrf'"' "''*«'"«|iiP of cleic acids in both biochemical 
»d ceUular systems Deoxyribooligonudeotides complement 
^ to the reiterated 3'- and S'-terminal nucleotides of RoJs 
««oma virus 35S RNA inhibited the translation of the STa 

fiK li " production of chicken 

nbroblast tissue cultures (1. 2). Studies iUur laborSo^y have 

mentary t the amin acid-accepting st m of most tRNAs had 
a^sientbutspecificinhibit ry effect nthegrowti. fl^ 
mahan cells in culture (3). More recendy. we have studied th 
etfecteofohgo(dA)methylphosphonateanalogues(compl m n- 
tery t the anticodon loop of tRNA"~) on bacterial and mam- 
mahan cells m culture (4). TT.S ana l gues contain an isost^c 

SZt'"^"" «2»»of this article weredeibyed in part bv pagecharge 
Wment. TTiu amde must therefore be hereby .^ed "at/cmfa^! 
.n accordance ^yith 18 U. S. C. §1734 solely to indicate thl^&Jt 
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^f t^^i ";«*y'P^°f Phonate group which replaces the nor- 
mal phosphodiester linkage of nucleic adds 
rRNA our attention on the 3' end of 16S 

RNA because the base-complementary interaction between 
« Vm Po'VPyrtu'dine sequence -C-C-U-C-C-U- of 

16S rRNA in the ribosome and the polypurine sequence -A-G- 
O-A-G-G- preceding the initiator triplet of mRNA is believed 
1;L? '^Tg^'ti?" Step in the initiation of protein 

^thesis in £*cAerfcAia coli (5). Tlere have been several le- 
pom m support of this hypothesis (6-8). In comparison to the 

fjS^T'''^™' f«3'-terminal sequence of eukaryoticlSS 
rRNA differs from that of the 16S rRNA sequence (9) and. so 

A? "r"^'^ experimental evidence to sug- 

gest that inihabon of eukaryotic protein synthesis involves a 
b^e-painng mechanism similar to that of the prokaryotfc sys- 
tem This difference in the pn,karyotic and eukan«.tic syste^ 
l™,w£^t-'^''?°L'i^'^?'.***P"'tein synthesis in bacteria 

A^l^ft 'il'^'iSt? by oligonudeotides con.nl. 

-SSSl °yi^*NAnnl>ibition of protein s^thesis 

In order to exploit this possibiUty in livingcells. we have syn^ 
°^ deoxyribooligonudeoside methylphospho- 
^R ff* M bj^e sequences complementary to the 3' end of 16S 
rKNA. Nonionic oligonucleoside methylpbosphonates hav a 
T'^''lf!^y'^ biochemical properties (10) in- 
cluding (a) the ability to form stable complexes^th comple- 

bianes of bvmg cells and (c) resistance to hydrolysis by cellu- 

^f^nS^^^^^?.^^ intermediates and the efiect of 
Jese an Jogues on cell-free protein syndieas in £. coli and rab- 
bit reticdocyte systems as weU as the eSects of these analogues 

MATERIALS AND METHODS 

fh^^Sf"°»To^'"^~^8^°sine. and thymidine were 
obtained from P-L Bioch micaU and were checked for purity 
I!.*"* c.'^P'"' P'>MU)and poly(A) were 

S^Sn^^infr/ ^ * ^^^{ .Miles. 

aS , ^^"^ ^'/""n 1; 1 Ci = 3.7 x 10" becau rels) 

PHllysin (54 Ci/mmol). [^Hlleu cin (55 Ci/nToO.^d 

Abbreviations: p. 3'-5' linked methylphosphoMte group. TTie symbob 
'^ra* ^T^^ nucleosides andoKcieosid^ St 
i^fi""* n '^"'^ lUPAC-IUB CommSon BM^^X 
menclature Recommendations (1976) 

nhL^kr'?'" "?d'* *^ I*"" "Nonionic OtigBnucleoside Medivl- 
phosphonates. Paper no. 3 is ref. 4. "•""yi 
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[^H]phenylalanin (35 Ci/mmol) were obtained from ICN. 
[^HjUridine (25 Ci/mmol), ^H-labeled L-amino acid mixture, 
and the rabbit reticulocyt cell-free prot in synthesizing sys- 
tems were purchased from New England Nuclear. 

Preparation, purification, and is ktion f deoxyriboolig nu- 
cleoside methylph sphonates were carried out as described 
(10). The bas ratios of the products were determined by de- 
purination with 80% acetic acid (5 hr at 60"C). The resulting 
bases were separated by high-performance liquid chromatog- 
raphy on a reverse-phase Partisil ODS-2 column (Whatmann) 
with a 5-20% acetonitrile gradient in water (50 ml, total). Ad- 
enine and guanine had retention times of 5.6 and 2.0 min, re- 
spectively. Under the same conditions, d(ApGpGp) and 
d(ApGpGpApGpGp) had retention times of 12.5 and 18.0 min, 
respectively. The ratio of bases was determined from the area 
of the peaks. For d(ApGpGp) and d(ApGpGpApGpGp), the 
ratio of adenine to guanine was 1:1.9 and 1:1.95, respectively. 

Dialysis experiments (11) were performed in 30-/jil plexiglass 
chambers separated by a dialysis membrane. The equilibration 
buffer contained 60 mM Tris-HCl (pH 7.5). 120 mM NH^Cl, 
6 mM MgCla, 0.6 mM dithiothreitol, 0.6 mM GTP. 200 pmol 
of E. coU B ribosomes, and 135-175 pmol of ^H-labeled deoxy- 
riboohgonudeoside methylphosphonates. The chambers were 
equilibrated at the desired temperature for 2 days before 
measurement 

A cell-free protein-synthesizing system and 70S ribosomes 
from £, coU B were prepared according to the method of Ni- 
renberg (12). Cell-free protein synthesis in a rabbit reticulocyte 
system was performed by using a cell-free translation system 
purchased bom New England Nuclear (lot J1157AW). For the 
translation of globin mRNA, the reactions were run in 25.0 /il 
of buffer containing 2 ^ of translation mixture, 2 fig of globin 
mRNA, 79 mM potassium acetate, 0.65 mM magnesium ace- 
Ute, 0-100 ^M oligomer, and 14 /iM [^H]leucine. Reactions 
were initiated by addition of 5 /il of reticulocyte lysate. Aliquots 
(4 /il) were removed at various times and added to 0.1 ml of 
bovine serum albumin (100 /ig) solution. The protein was pre- 
cipitated by heating with 1 ml of 10% trichloroacetic acid at 
70**C filtered on G/F filters, and assayed for radioactivity in 
Betafluor. 

E. coli ML 308-225 cells (a gifk from Chien Ho, Carne- 
gie-Mellon University, Fittsbui^) were grown at 3T'C in 
minimal salt medium supplemented with 1% glucose (13). 
£. coU B cells were grown in M9 medium as described (14). 
Protein synthesis and RNA synthesis were carried out in cells 
grown to midlogarithmic phase («5.0 X 10® cells per ml). Ali- 
quots (50 /il) of cells were preincubated with 15 m1 of medium 
or medium containing the compounds for 1-2 hr at 22X. E. coh 
ML cells were transferred to a water bath maintained at 10**C. 
After 10 min, 3 /J of [^H]uridine (100 ^Ci/ml) or 3 /J of 
[^Hjleudne (50 /iCi/ml) was added; then 15-/d aliquots were 
withdrawn at 0, 5, 10, and 20 min and added to 200 fd of lysing 
buffer (2.0% NaDodSO4/0.02 M EDTA) and heated at 70*C for 
20 min. For protein synthesis experiments, bovine serum al- 



^roc. NatL Acad, Set. USA 78 (1981 ) 

bumin (100 /ig) and 20% trichloroaceUc acid (1 ml) were added 
and th soluti n was heated at 70**C for 15 min. Then the so- 
lution was filt red; the filter was then washed and assayed for 
radioactivity. For RNA synth sis experiments, cold 5% trichlo- 
roacetic acid was added after lysis f the cells, and the solution 
was filtered without h ating. Th final concentration of oligo- 
mers in these xperiments was 100 /iM. 

For determination f col ny formati n, E. coh ML 308-225 
cells were incubated for 2 hr in 100 /xl of medium containing 
75-160 ^M of oligonucleoside methylphosphonate. The s lu- 
tion was then diluted to 1.0 ml with the medium. To 0.9 ml of 
this solution, 2.0 ml of 0.5% bactoagar was added at 3T'C and 
the solution was poured onto 100-mm plates containing 1.5% 
bactoagar. After solidification, the plates were incubated at 
37*C for 36 hr, and the colonies were counted. Tlie final con- 
centration of the oligomers on the plate was 2.6-5.5 ^M. 

In vitro aminoacylation experiments were done as described 
by Barrett et aL (15). 

Growth experiments were done by treating 15 fil of cells 
(«- 1 X 10® cells per ml) in 15 fd of medium (control) or medium 
containing 150 ^M of the compounds at 3T*C. Aliquots (4 /il) 
were withdrawn at different time intervals and appropriat ly 
diluted. The number of cells was determined by using a Haus- 
ser counting chamber and a Zeiss phase-contrast microsoope. 

RESULTS 

Table 1 summarizes the reaction conditions and yi Ids in the 
preparation of the deoxyribooligonucleoside mediyI|diospho- 
nates. Because the trinucleotide sequence d(A-C-G} is repeated 
in the heptamer, condensation of die trinucleotide blodcs was 
considered to be more favorable than the stepwise addition of 
mononucleotides. The fiilly protected heptamer was prepared 
by condensing T(OAC) or pH]T(OAC) with the protected hex- 
amer (data not shown). The low yields obtained in these 
preparations are attributed to the large number of dG residu s 
present in these sequences. The trimer d(ApGpGp) and 
hexamer d(ApGpGpApGpGp) were deblocked fr m 
d([(MeO)2Tr]b2ApibuGpibuGpCNEt) and d([MeO)2Tr]- 
bzApibuGpibuGpbzApibuGpibuGpCNEt), respectiv ly, 
and hence obtained with the 5'-terminal methylphosphonate 
group. Reactions carried out on a small scale (<0.01 mmol) w re 
deblocked as such and the product was isolated by paper chro- 
matography. The purity of the oligomers was examined mainly 
by high-performance liquid chromatography and paper chro- 
matography. The UV spectral properties and paper chromato- 
graphic mobilities are given in Table 2. 

The interaction of d(ApGpGpApGpGp[^HlT) and 
d(ApGpGp[^H]T) with 70S ribosomes was studied by equilib- 
rium dialysis. The heptamer has a high apparent associati n 
constant which decreases with increasing temperature (4.67 
X 10* M-' at 0**C; 1.72 X 10* M"* at 22**C; 2.0 X 10* M"* at 
37'C). As expected, the tetramer, which has only three bases 
complementary to the 3' end of 16S rRNA, has a proporti n- 
ately lower association constant (1.44 X 10* M"^ at 22X). 



Table 1. Preparation of protected oligodeoxyribonucleoside methylphosphonatea 



• 

3 '-Methylphosphonate * 


5'-0H 




MST 
mmol 


Product 

Name 


Yield 




Component 


mmol 


Component 


mmol 


mmol 


% 


d(l(MeO)aTr]ibuGp) 


2.77 


d(ibuGpCNEt) 


2.99 


6.64 


d(ibuGpibuGpCNEt) 


0.76 


21 


d([(MeO)3Tr]bzAp) 


1.1 


dCibuGpibuGpCNEt) 


0.725 


2.2 


d([(MeO)3TrIbzApibuGpibu- 


0.15 


21 


d([(MeO)2Tr]bzAp. 










GpCNEt) 






0.033 


dCbzApibuG- 


0.04 


0.132 


d([MeO)aTrIbzApibuGpibu- 


0.01 


30 


ibuGpibuGp) 




pibuGpCNEt) 






GpbxApibuGpibuGpCNEt) 
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UV spectra* 






Oligomer 


A max., 

ntn 


AmiiL, 
nm 


g2eo/»> 




Paper 
chromatography,^ 


d(ApGpGp) 
d(ApGp6pT) 
d(ApGpGpApGpGp) 
d(Ap(^pApGpG;/r) 


257 
257 
257 
267 


228 
229 
229 
232 


2.11 
2.02 
2.11 
2.06 


4.19 X 10* 
6.6 X 10* 
7.33 X 10* 


0.77 
0.88 
0.27 
0.39 


•In water at pH 7.0. 



imT^aTuS^^^ i ^ -ater^at pli 7.0 to that of the 

X ltf?^dG atpH 1 0^?^^ 1.0 usmg the fbUowmg extinction coeffidenta: dA at pH 1.0, M.l 



TTie effects of the oligomers on cell-free protein synthesis in 
£. colt B system are summarized in Table 3. In general, the 
hexamer heptamer exhibited inhibitory activiHes but the 
tnmer and tetramer did not. Poly(U)-directed polyphenylala- 
nme synthesis and poly(A)^rected polylysine synthesis were 
not m^bited appreciably by hexamer and heptamer at 3TC 
The mhibition was greater at 22"C than at 3TC. At higher con- 
centrabons, the hexamer inhibited polylysine syndiesis di- 
rected by poly(A) more effectively than polyphenylahmine 
j^T^^^"!^ P°'y(^)- Whereas d(ApGpGp) and 

d{ApGpGpp did not cause appreciable inhibition of the trans- 

A^?: ^y**^""' d(ApGpGpApGpGp) 

and d(ApGpGpApGpGpD were effective inhibitonT dose- 
dependent manner, even at low concentrations. As a negative 
contro for sequence specificity, d(CpCpApApGpCpK!hloro- 
f ^ hexamer not complementary to die 3' end 

ot 16S rRNA, was used. This oligomer was found to be much 
less effective m inhibiting translation of MS.2 RNA in die £ 

^lu'I^f'^A "^"^"^ o» ^' system * 

both d(ApGpGpApGpGp) and d(ApGpGpApGpGpll, which 
ar not complementary to the 3' end of eukaryotic 18 S rRNA, 
did not have appreciable inhibitory effects on the transition 

l oooji "^T^ "^^^'^^^ reticulocyte system (at 100 /iM 
and 22^0, 16% and 17%, respectively). 

The effects of deoxyribooligonucleoside methvlphospho- 

nates on Uie colony formation by £. coli B, £. coli ML 308-225 

and transformed human cells (HTB 1080) as well as the effect^ 

of these andopes on cellular protein syntfiesis in £. coU B and 

f;A*'''fi^ ?^'^^'^^"''^'*'Sated. Oligomers d(ApGpGp), ' 

d(ApGpGpApGpGp), and d(ApGpGpApGpGpT) inhibited c^ll 

ony formation by £. coli ML 308-225 cells effectively CTable 4). 

Table 3, Effect of deoxyribooligonucleoside methylphosphonates 
on cell-free protein-synthesizing system from £. eoli B 

Inhibition, % 



MS-2 

Cone, PQ^y<U)* Poly(A)t RNA 
^Oligomer fM 23^ 37X 22^ 3rC 22^ 



d(ApGpGp) 
d(ApGpGpT) 
d(ApGpGpApGpGp) 



100 
100 
12.5 
25 
50 
100 

d(ApGpGpApGpGpT) 25 
d(CpCpApApGpCp)» 100 



0 
19 



0 
0 



39 18 
0 0 



0 
29 
80 

0 



0 
14 
27 

0 



5 
0 
45 
75 



.77 
21 



* At 260 mM in UMP residues. 

* At 225 mM in AMP residues. • 

* p « p-chlorophenylphosphate. 



These Rogues had virtually no effect on colony formation by 
£. coU B cells and only a small inhibitory effect on colony for- 
mation by transformed human cells. 

wi^^** *® ®" cellular protein syndiesis by £, coli 
ML 308-225 support the observation on the colony fonnati n 
by these two strains of bacteria. TTie rates of incorporation, by 
E coU ML 308-225 cells, of exogenous [^Hjleucine into h t tri- 
chloroacetic acid-predpitoble material and of (^H]uridine into 
cold trichloroacetic acid-predpitable material were found to be 
quite rapid at 3rC.and 22^0; however, die incorporation lev- 
eled off m 5 min at these temperatures. Hence, incorponrtion 
of J Hjleucme and [^Hjuridine by this £. coli mutant were stud- 
led at a lower temperature (10*»C), TTie incorporation was Imear 
up to 10 min at this temperature. d(ApGpGpApGpGpl) inhib- 
ited protein syndiesis by £: coli ML 308-225 but not hyE.cob 
B. Some variation in the extent of inhibition was observed be- 
tween experiments, and the inhibition was found to be in the 
range of 20-45%. Under the same experimental conditions, 
^^^^^P^P^P^PT) had no effect on RNA syndiesis as mea- 
sured by I HJuridine incorporation. d(ApGpGpT) has no effect 
on either protein syndiesis (Table 4) or RNA syndiesis (data n t 
shown). 

In addition to die studies on colony formation, experiments 
were done on die growth of £. coli ML 308-225 in mass culture 
m the presence of the oligonucleotide analogues. ThercM^as no 
inhibition of growth during the first 4 hr (Fig 1). At die rapid 
growth period between 4 and 12 hr, the growth of the treated 
culture was inhibited up to 50% in Uie presence of either trim r 
or heptamer. At the end of this growth period, 24 hr after ini- 
tiation of die culture, the treated and untreated cultures had 
approximately the same number of cells. 

DISCUSSION 

He ohgodeoxyribonucleoside methylphosphonates used in diis 
study were prepared by the general procedures reported earUer 

Table 4. Effect of deoxyribooligonucleoside methylphosphonates 
oo colony formation 



Oligomer 
(at 75 /iM) 

dCApGpGp) 

d(ApGpGpApGpGp) 

d(ApGpGpApGpGpD 

dCApGpGpT) 

d(GpGpT) 



Inhibition, % 



E.coli 
ML 308-226* 



£. coli B* 



Human cells 
HTBlOSOt 



75-98 
78-97 
67-97 

0 

5 



0 
0 
0 
0 



10 



•At either 22^ or37'C. 

*At3rt:. 
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0 8 16 24 

Time, hr 

Fio. 1. Effect of oligonudeoside methylphosphonates on £. coli 
ML 308-225 celk growing in culture. Control; o, in the fxresence of 
150 fM d(ApGpGp); □— a in the presence of 150 /iM dl(ApGpGp)3Ti: 

(10). The yields in these preparations are somewhat low, whidi 
can be attributed to the reactions involving deoxyguanosine res- 
idues. Similar difficulties have been encountered in the prep- 
aration of oligonucleotide phosphotriesters containing deoxy- 
guanosine residues (16). 

The two phosphonate analogues, d(ApGpCp[^H]T) and 
d(ApGpGpApGpGp[^H]T), which are complementary to the 3' 
end of 16S rRNA, exhibit high affinity for 70S ribosomes as 
studied by equilibrium dialysis. Earlier studies on the inter- 
action of a pentanudeotide (G-A-dG-dG-U) with £. colt 30S 
and 70S ribosomes have shown that this pentamer specifically 
binds to a site on the SOS subunit (7). Hence, it is very likely 
that the observed binding of the tetramer and heptamer ana- 
logues with 70S ribosomes is due to their formation of com- 
plexes with the complementary regions at the 3' end of 16S 
rRNA. 

This conclusion is further supported by studies on the effect 
of these analogues on cell-free protein synthesis. Both the hex* 
amer and heptamer effectively inhibit the translation of MS-2- 
RNA in the £. coli cell-free system while having a much lower 
inhibitory effect on the translation of poly(U) and poly(A). The 
in vitro aminoacylation of tRNA^n is not inhibited by these 
oligomers, suggesting that the inhibition of aminoacylation of 
tRNAs does not play a role in the inhibition of translation of MS- 
2 RNA, The inhibition observed in the £. coli system, therefore, 
is most likely at the ribosome site. Because the synthetic 
mRNAs, unlike natural mRNAs, lack specific initiation sites^ 
the results also support the conclusion that the inhibition of 
translation of MS-2 RNA rKay arise from competiti n betw en 
th oligonucleotid analogues and the hom I gous sequence 
within the preinitiat r region of MS -2 RNA. Our results are in 
agreement with those obtained by Taniguchi and Weissmann 
(6) and Eckhardt and Luhrmann (7). They observed an inhibi- 
tion of formation of phage mRNA-70S ribosom initiation com- 
plex in the presence of oligonucleotides complementary to th 
3' end of 165 rRNA. In contrast, no inhibition of poly(U)-de- 



pendent tRNA***** binding to 70S ribosom s was found. Addi- 
ti nai support f r the base-complementary interact! n of oU- 
g nucleotide anaiogu s with the 3' end of 16S rRNA comes from 
the inabihty of thes anal gues to inhibit th translati n f glo- 
bin mRNA in a rabbit reticulocyte system. Alth ugh the 3'-end 
sequences f 18S rRNA and 16S rRNA are similar, 18S rRNA 
specifically lacks the -C-C-U-C-C-U- sequence f und in IBS 
rRNA, and hence the Ugonucleotide analogues cann t form 
stable complexes with 18S rRNA in reticulocyte ribos mes. 

Although the oUgomers inhibit translation of mRNAs in th 
£. coli B cell-free system, these oUgomers have n effect n 
either protein synthesis or colony formation by the intact £. coli 
B cdls; however, as shown in Table 4, these oUgomers inhibit 
the protein synthesis and growth of an £. coU mutant (ML 308- 
225). Our experiments on the uptake of oUgonudeotides by £. 
coli B cells indicate that they are permeable to d(Ap[^H]T), 
Tp[=*H]T, and TpTp[^HlT but not to (Tp)4 pHlTand (Jp)s [^HlT 
(unpublished data). Thus, oligonudeoside methylphospho- 
nates longer than 4 nucleotide units cannot enter the ceU. The 
cutoff size of the nonionic oligonucleotides observed here 
agrees with the size Umit found for oUgosacdiandes and oli- 
gopeptides (17, 18). In contrast to £. coli B, £. coli ML 308-225 
cefls were permeable to d(ApGpGpApGpGp[^H]T) (unpub- 
lished data). This £. coli mutant has only small quantities of 
Upopolysaccharide in the outer membrane of the ceU wall (19). 
The reduction in Upopolysaccharide content may increase the 
permeabiUty of ceU wall toward oligonudeoside methylphos- 
phonates. Thus, the difference in the permeability of the ceU 
walls of these two bacteria can explain why the h xam r and 
heptamer do not have any effect on intact £. coU B cells but 
inhibit protein synthesis, colony formation, and culture growth 
of £. coil ML 308-225. 

The specific inhibitory effects of oUgomideotide anal gues 
in the cell-free systems is also indicated by the foil wing b- 
servations at the intact ceUular level (Table 4). (t) The oligonu- 
deotide analogues inhibit protein synthesis and growth of £. 
coiEi M L 308-225 ceUs but have little or no effect n human cells, 
(it) Although d(ApGpGpApGpGp) and d(ApGpGpApGpGpT 
inhibit colony formation by £. coli ML 308-225, d(ApGpGpT 
has no effect; and (itt) d(ApGpGpApGpGpT)' inhibits proteir 
synthesis without concurrent inhibition of RNA synthesis. 

Because we have found that oUgonucleoside . methylphos 
phonates (Tp)„T (n = 1.4,8) are effectively taken up by Syriai 
hamster cells (unpublished results), the lack of inhibition oi 
human ceU colony formation is unlikely to be attributable to the 
inabiUty of these oUgomers to penetrate the human cells. A 
present, the observed inhibitory effect of d(ApGpGp) on colons 
formation by £. coli ML 308-2^ ceUs requires additional in 
vestigation for an adequate explanation because the trimer ha 
no effect on cellular protein and RNA synthesis in this mutant 
Also, the trimer has no effect on protein synthesis in the £. coi 
B ceU-free system. 

The temporary inhibition of the growth of £. coli ML 30£ 
225 cells in mass culture by the trimer and heptamer (Fig. ] 
is in agreement with the expectation that the oUgomers may nc 
have caused a permanent damage to the functioning of ribc 
somes. The cells can overcome this inhibition by synthesizin 
more ribosomes, or the inhibitory effect of the Ugomers wi 
not be detectable when the capacity of the ribosomes for protei. 
synthesis is n longer th factor limiting growth. 

The results of our studies further demonstrate the feasibilit 
of using oligonucleosid methylphosphonate analogues fc 
probing the structure-function relationship of nucleic acids i 
biochemical systems as well as in Uving ceUs. The results als 
suggest that, by choosing an appropriate: complementary sc 
quence f oligonucleotid , one can selectively regulate eithc 
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bacterial or mammalian cellular rl^||lc acid function. Thus, the 
appropriate use of nonionic nucleic acid anal gues, such as the 
oligonucleoside methylpbosph nates, may have great signifi- 
cance.in basic research and in.practical applications. 

We thank Dr. Chien Ho and Mrs. Cottam for providing us with £ 
coii ML 308-225 cells and Cathy Alden and Dorothy Undstrom for 
preparatoon of the manuscript. This research was supported in part by 
a grant from the National Institutes of Health (CM 166066-12). 
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Claims 40-52 stand withdrawn from further con- 
sideration by the examiner, 37 CPR 1.142(b), as being 
drawn to a non-elected invention, the requirement having 
been traversed in Paper No. 8. 

This application has been filed with informal 
drawings which are acceptable for examination purposes 
only. Formal drawings will be required at the time the 
application is allowed. 

The specification is objected to under 35 U.S.C. 
112, first paragraph, as failing to provide an enabling 
disclosure. This paragraph of the statute requires that 
the specification shall contain a written description of 
the invention and of the manner and process of making 
and using it, in such full, clear, concise and exact 
terms as to enable any person skilled in the art to 
which it pertains, or with which it is most nearly con- 
neotedv to make and use the same, and shall set forth 
the best mode contemplated by the inventor of carrying 
out his invention. This objection and the following 
rejection are repeated essentially for reasons given in 
the last Office action paragraph bridging pages 2-3 and 
last paragraph on page 3. Applicant's arguments (paper 
no. 14, pages 2-6) are not persuasive because each of the 
references relied upon by applicant deals only with poly- 
nucleotides and the issue here has to do with oligo- 
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nucleotides. Furthermore, the passage in the Stebbing 
(page 303) article referred to by applicant (paper no. 
14, page 4) says nothing about uptake of polynucleotides 
by cells. Also, the discussion in Stebbing (Cell Biol, 
int. Repts. vol. 3) on pages 493-496 is deemed to sup- 
port this objection and the following rejection. Befort 
et al shows (page 184) that antiviral activity is 
"limited only to fragments longer than 40 to 50 
nucleotides-; again supporting this objection and the 
following rejection. 

Claims 1-4, 6-15, 18-25, 27-37, 39 and 53 are 
rejected under 35 U.S.C. 112, first paragraph, for the 
reasons set forth in the objection to the 
specification. This rejection is repeated essentially 
for reasons given in the last Office action (last 
paragraph on page 3). 

Claims: 1-4, 6-15, 18-25, 27-37, 39 and 53 are 
rejected under 35 U.s.C. 112, first paragraph, as the 
disclosure is enabling only for claims limited in accor- 
dance With the disclosure at pages 1-20 of the specifi- 
cation, see MPEP 706.03(n) and 706.03(z). Tbis 
rejection is repeated essentially for reasons given in 
the last Office action (first full paragraph on page 4). 
The discussion concerning rnas in the above rejection is 
incorporated here, it is noted that applicant has not 
argued the point regarding the synthesis of rnas. 

Claims 14, 16, 17, and 27 are rejected under 35 
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O.S.C. 112, first and second paragraphs, as the claimed 
invention is not described in such full, clear, concise 
and exact terms as to enable any person skilled in the 
art to make and use the same, and/or for failing to par- 
ticularly point out and distinctly claim the subject 
matter which applicant regards as the invention, claims 
16 and 17 are incomplete in that there is no antecedent 
basis for -said linKer sequence- (claim 16) or -the 
linker- (claim 17). This part of this rejection can be 
overcome by amending claims 16 and 17 to depend from 
claim 15 as it is believed was originally intended. 
Claim 27 is incomplete in that there is no antecedent 
basis for the phrase -said hybridization". 

The following is a quotation of 35 O.S.C. 103 which 
forms the basis for all obviousness rejections set forth 
in this Office action: 

A patent may not be obtained though the invention 
is not identically disclosed or described as set forth 
in section 102 of this title, if the differences between 
the subject matter sought to be patented and the prior 
art are such that the subject matter as a whole would 
have been obvious at the time the invention was made to 
a person having ordinary skill in the art to which said 
subject matter pertains. Patentability shall not be 
negatived by the manner in which the invention was 
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Claims 1 and 3-19 are rejected under 35 U.S.C. 103 
as being unpatentable over Itakura et al in view of 
either one of Paterson et al or Hastie et al. This 
rejection is repeated essentially for reasons given in 
the last Office action (paragraph bridging pages 6-7). 
Applicant's arguments (paper no. 14, pages 7-10) are not 
persuasive. Applicant should note that not all of the 
claims require the inhibition of protein synthesis, are 
not limited to the use of oligoribonucleotides, and do 
not require that any oligonucleotide be introduced into 
cells. 

Claims 1, 3-28, 30-39, and 53 are rejected under 35 
O.S.C. 103 as being unpatentable over ItaJcura et al in 
view of either one of Paterson et al or Hastie et al as 
applied to claims 1 and 3-19 above, and further in view 
of any one of Pluskal et al, Pitha (CRC Press), Befort 
et al, Arya et al (Molec. Pharamacol. or BBRC), 
Summerton, Tennant et al. Miller et al (Biochem. 16, 
1988), Stephenson et al, Zameonik et al, or Stebbing et 
al. This rejection is repeated essentially for reasons 
given in the last Office action (paragraph bridging 
pages 8-9). Applicant's arguments (paper no. 14, pages 
12-15) are not persuasive, it is noted that applicant 
acknowledges Zamecnik et al and Stephenson et al to have 
achieved inhibition of protein synthesis using a tride- 
camer. Applicant argues that it would not be obvious to 
use an oligonucleotide complementary to the coding 
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region of an mRNA to achieve hybrid arrested translation 
and Cites work (e.g. Holder and Lingrel) showing the 
translation of mRNA with a high degree of secondary 
structure. However, the claims are not limited to the 
use of RNA oligomers, m fact, there is no showing in 
the instant application that oligoribonucleotides work 
and it appears that applicant has argued effectively 
that they do not. 

THIS ACTION IS MADE PiMAr.. Applicant is reminded of 
the extension of time policy as set forth in 37 CPR 
1.136(a). The practice of automatically extending the 
Shortened statutory period an additional month upon the 
filing of a timely response to a final rejection has 
been discontinued by the Office. See 1021 IMOG 35. 

A SHORTENED STATUTORY PERIOD FOR RESPONSE TO THIS 
PINAl ACTION IS SET TO EXPIRE THREE MONTHS PROM THE DATE 
OF THIS ACTION. IN THE EVENT A FIRST RESPONSE IS PILED 
WITHIN TWO MONTHS OF THE MAILING DATE OF THIS FINAL 
ACTION AND THE ADVISORY ACTION IS NOT MAILED UNTIL AFTER 
THE END OP THE THREE-MONTH SHORTENED STATUTORY PERIOD, 
THEN THE SHORTENED STATUTORY PERIOD WILL EXPIRE ON THE 
DATE THE ADVISORY ACTION IS MAILED, AND ANY EXTENSION 
PEE PURSUANT TO 37 CFR 1.136(a) WILL BE CALCULATED FROM 
THE MAILING DATE OF THE ADVISORY ACTION. IN NO EVENT 
WILL THE STATUTORY PERIOD FOR RESPONSE EXPIRE LATER THAN 
SIX MONTHS FROM THE DATE OF THIS PINAL ACTION. 
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Any inquiry concerning this communication should be 
directed to j. Martinell at telephone number 
703-557-3920. 
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has (have) been □ approved by the examiner. Q disapproved by the examiner (see explanation)] 



° rpTn?lTr'Tn»*"''^ ' ^as been □ approved. □ disapproved (see explanation). However, 

0 21. r M.KTr "° applicant-s responsibility to ensure that the drawings are 

r;FECT OpZ^^^^^ ^ .NFORMATION ON HOW ' 



1^ uH Acknowledgment is made of the claim for priority under 35 U.S.C. 119. The 



certified copy has □ been received □ not been received 



' ! in parent application, serial no. 



. : f i led on , 



13, ZD Since this application appears to be in condition for allowance except for formal matters, prosecut.on as to the mer.ts is closed in 
accordance with the practice under Ex parte Quayle, 1935 CD. 11; 453 O.G. 213. 
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The finality of the Office action mailed May 8, 
1985 is withdrawn. 

Claims 40-52 are withdrawn from further con- 
sideration by the examiner, 37 CFR 1.142(b), as oeing 
drawn to a nonelected invention, the requirement having 
been traversed in Paper No. 8. 

This application has been filed with informal • 
drawings which are acceptable for examination purposes 
only. Formal drawings will be required when the applica- 
tion is allowed. 

The following is a quotation of the first paragraph 
of 35 U.S.C. 112: 

wr^!i.®^®S^^""^°'' contain a 

written description of the inven- 
tion, and of the manner and process 
of making and using it, in sich 
ruii, clear, concise, and exact 
terms as to enable any person 
sJcilled m the art to which it per- 
tains, or with which it is most 
nearly connected, to make and use 
the same and shall set forth the 
best mode contemplated by the inven- 
tor of carrying out his invention. 

The specification is objected to under 35 u.s.C. 

112, first paragraph, as failing to provide an enabling 

disclosure. 

This objection and the following rejection are 
Lrepeated essentially for reasons already of record (e.g. 
Office action mailed May 8, 1985 paragraph bridging 
pages 2-3 and first full paragraph on page 3. Appli- 
cant's arguments (paper No. 14, pages 2-6) are not per- 
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suasive because each of the references relied upon by 
applicant deals only with polynucleotides and the issue 
here has to do with oligonucleotides. Furthermore, the 
passage in the Stebbing (page 303) article referred to 
by applicant (paper No. 14, page 4) says nothing about 
uptake of polynucleotides by cells". Also, the discus- 
sion in Stebbing (Cell Biol. int. Repts. vol. 3) on 
pages 493-496 is deemed to support this objection and 
the following rejection. Befort et al shows (page 184) 
that antiviral activity is "limited only to fragments 
longer than 40 to 50 nucleotides"; again supporting this 
objection and the following rejection. Limiting the 
claims to the use of oligodeoxyribonucleotides as pro- 
posed by applicants (see attachment to Interview Summary 
Record of October 18, 1985) would overcome this objec- 
tion and the following rejection. 

Claims 1-4, 6-15, 18-25, 27-37, 39, and 53 are 
rejected under 35 u.s.C. 112, first paragraph, for the 
reasons set forth in the above obaection to the specif i- 
cation. 

Claims 1-4, 6-15, 18-25, 27-37, 39, and 53 are 
rejected under 35 u.S.C. 112, second paragraph, as 
being indefinite for failing to particularly point out 
and distinctly claim the subject matter which applicant 
regards as the invention. This rejection is repeated 
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METHOD OF MAKING SAME 
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March 31, 1986 



AMENDME^TT 



Hon. Commissioner of Patents 

and Trademarks 
Washington, D. c. 20231 



Sir: 



5 



Responsive to the Office Action mailed November 27, 
1985, please amend the above-identif ied application as 
follows: 



IN THE CTAT^ g 

cancel claims 1, 3-28, and 30-39 without prejudice, 
substitute therefor the following claims: 

—54. A method of developing oligodeoxyribo- 
nucleutide therapeutic agents for use in in vivo inhibition 
Of the synthesis of one or more targeted proteins in a cell 
without substantially inhibiting the synthesis of 
non-targeted proteins, comprising the steps of: 
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determining the base sequence of an organism's 
messenger ribonucleic acid, said base sequence coding for at 
least a portion of said protein targeted for inhibition; 

synthesizing an oligodeoxyribonucleotide, the 
nucleotide sequence of which is substantially complementary 
to at least a portion of said base sequence, and 

at least a portion of said oligodeoxyribonucleotide 
being a more stable form" in order to limit degradation in 
vivo. Whereby said oligodeoxyribonucleotide may be introduced 
into the cells of said organism for hybridization with said 
messenger ribonucleic acid base sequence coding for at least 
a portion of a protein targeted for inhibition so as to 
substantially block translation of said base sequence and 
inhibit synthesis of said targeted protein.— 



-55. The method of claim 54, wherein said more 
stable form is a phosphotriester form.— 



—56. The method of claim 54, wherein said 
oligodeoxyribonucleotide comprises at least 14 nucleotides.- 



—57. The method of claim 54, wherein said 
oligodeoxyribonucleotide comprises about 23 nucleotides. - 



—58. The method of claim 54, wherein the order of 
said base sequence is determined from ribonucleic acid or 
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deoxyribonucleic acid coding for said targeted protein prior 
to synthesizing the oligodeoxyribonucleotide.-- 



-59. The method of claim 54, wherein the order of 
said base sequence is determined from messenger ribonucleic 
acid coding for said targeted protein prior to synthesizing 
said oligodeoxyribonucleotide.— 



-60. The method Of claim 54, wherein the order of 
said base sequence is determined from said targeted protein 
prior to synthesizing said oligodeoxyribonucleotide. - 



-61. The method of claim 54 further comprising the 
step Of inserting said oligodeoxyribonucleotide into a . . 
plasmid for cloning.— 



-62. The method of claim 61, wherein said plasmid 
is PBR322. — 



-63. The method of claim 62, wherein said 
Oligodeoxyribonucleotide is inserted into said plasmid with a 
linker base sequence.-- 

-64. The method of claim 63, wherein said linker 
base sequence is GATTCGAATC or CTAAGCTTAG.— 
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-65. The method of claim 63, wherein said linker 
base sequence is susceptible to partial degradation by Hind 
III or Alu I restriction nucleases. ~ 



—66. The method of claim 54, wherein said 
oligodeoxyribonucleotide is synthesized chemically. - 



-67. The method of claim 54 further comprising the 

step of: 

cross-hybridizing the oligodeoxyribonucleotide 
against messenger ribonucleic acid from at least one species 
different from said organism, and selecting that fraction of 
the Oligodeoxyribonucleotide which does not so hybridize so 
as to increase the specificity of the selected oligodeoxyribo- 
nucleotide to messenger ribonucleic acid unique to said 
organism. — 



10. 



—68. A method of selectively inhibiting in vivo 
synthesis of one or more specific targeted proteins without 
substantially inhibiting the synthesis of non-targeted 
proteins, comprising the steps of: 

synthesizing an oligodeoxyribonucleotide having a 
nucleotide sequence substantially complementary to at least a 
portion of the base sequence of messenger ribonucleic acid 
coding for said targeted protein, 

at least a portion of said oligodeoxyribo- 
nucleotide being a more stable form to limit degradation in 
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vivo ; 

introducing said stable oligodeoxyribonucleotide 
into a cell; and 

hybridizing said stable oligodeoxyribonucleotide 
with said base sequence of said messenger ribonnucleic acid 
coding for said targeted protein, whereby translation of said 
base sequence is substantially blocked and synthesis of said 
targeted protein is inhibited.— 



-69. The method of claim 68, wherein said 
Oligodeoxyribonucleotide comprises at least 14 nucleotides. 



-70. The method of claim 68, wherein said 
Oligodeoxyribonucleotide comprises about 23 nucleotides.- 

» 

-71. The method of claim 68, wherein said targeted 
protein is follicle stimulating hormone, which has an alpha 
chain and a beta chain.— 



-72. The method of claim 71, wherein the 
Oligodeoxyribonucleotide comprises the nucleotide sequence 
GTGTAGCAGTARiCCRjGCGCACCA, and wherein is G or T and 
R2 is G or T.— 



-73. The method of claim 68, wherein said 
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hybridization occurs at about 37°c. 



—74. The method of claim 68, wherein said 
oligodeoicyribonuoleotide is formed through diester bonding. 



—75. The method of claim 68, wherein said more 
stable form is a phosphiotriester form.— 



—76. A method of controlling the infection of a 
host organism by a foreign organism through the selective 
inhibition of the synthesis of a protein vital to the foreign 
organism's viability, comprising the steps of: 

determining the base sequence of the foreign 
organism-s nucleic acid, said base sequence coding for at . 
least a portion of said protein vital to the foreign 
organism's viability; 

synthesizing an oligodeoxyribonucleotide the order 
Of nucleotides being substantially complementary to a portion 
of the foreign organism's messenger ribonucleic acid coding 
for said protein vital to said foreign organism's viability, 

at least a portion of said oligodeoxyribo- 
nucleotide being a more stable form to inhibit degradation in 
15 vivo; 

introducing said oligodeoxyribonucleotide into the 
cells of said host organism; and 

hybridizing said oligodeoxyribonucleotide with said 
portion of the foreign organism's messenger ribonucleic acid 
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so as to substantially block translation of said foreign 
organism's messenger ribonucleic acid coding for said 
protein, thereby inhibiting synthesis of said protein vital 
to the viability of the foreign organism.- 



-77. The method of claim 76, wherein said more 
stable form is a phosphotriester form.~ 



-78. The method of claim 76 further comprising the 

step of; 

determining the order of the base sequence of said 
organism -s nucleic acid prior to synthesizing the 
oligodeoxyribonucleotide . ~ 



-79. The method of claim 76 further comprising the 

. step of: 

cross-hybridizing the oligodeoxyribonucleotide 
against messenger ribonucleic acid from at least one species 
different from said foreign organism and selecting that 
fraction of the oligodeoxyribonucleotide which does not so 
hybridize so as to increase the specificity of the selected 
Oligodeoxyribonucleotide against said foreign organism. - 



-80. The method of claim 79, wherein said 
cross-hybridization is performed against messenger 
ribonucleic acid from said host rganism.- 
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—81. The method of claim 79, wherein the selected 
oligodeoxyribonucleotide substantially hybridizes only with a 
messenger ribonucleic acid unique to said foreign organism. - 
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—82. A genetically engineered therapeutic process 
which inhibits synthesis of one or more targeted proteins 
within the cells of an organism without substantially 
inhibiting synthesis of non-targeted proteins, comprising the 
steps of: 

determining the base sequence of the messenger 
ribonucleic acid coding for the targeted protein; 

synthesizing an oligodeoxyribonucleotide having a 
nucleotide sequence substantially complementary to the region 
of the messenger ribonucleic acid coding for said targeted 
protein, 

at least a portion of said oligodeoxyribo- 
nucleotide being T-more stable form to inhibit degradation in 
vivo; ' 

^5 introducing said oligodeoxyribonucleotide into the 

cells of said organism; and 

hybridizing said oligodeoxyribonucleotide with said 
base sequence of said messenger ribonucleic acid coding for 
said targeted protein, whereby translation of said base 
sequence is substantially blocked and synthesis of said 
targeted protein is inhibited.— 
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This application has been carefully reviewed in 
light Of the Office Action dated November 27, 1985. in that 
Office Action, the Examiner withdrew the finality of the 
Office Action mailed May 8, 1985, in light of newly cited 
art. The Specification was objected to and claims were 
rejected under 35 USC 112 and/or 35 USC 103 or 35 USC 
102(e). in response, claims 1-39 have been cancelled and 
Claims 54-82 substituted therefor, in this connection, 
revisions to the claims conform to those submitted to the 
Examiner in an interview on October 23, 1985, and reflect a 
number of helpful suggestions made by the Examiner at that 



time. 



The Examiner -s time and attention with respect to 
this application is greatly appreciated. Applicant wishes to 
Particulary thank the Examiner for his courtesies during the . 
recent interview, at which time various aspects of the 
previous Office Action were discussed. Those present at the 
interview of October 23, 1985, were Examiner Martinell, the 
applicant, Mr. Richard Tullis; his representatives, Mr. 
Gilbert Kovelman and Ms. Cathryn Campbell, and Mr. Vincent 
Frank, President of Molecular Biosystems, Inc., the assignee 
Of the present application. At the interview, the invention 
was discussed in detail, and a proposed set of new claims, 
conforming to those hereinafter introduced by amendment, were 
provided to the Examiner. 

As the new claims were intended to avoid points 
raised by the Examiner in the previous Office Action, they 
were discussed in some detail. In particular, the claims 



-9- 



Serial No. 06/314,124 



were li:nited to deoxyribonucleotides, which limitation the 
Examiner stated to have obviated previous rejections under 35 
use 112 Which Should be withdrawn. Moreover, the claims have 
been limited to oligodeoxyribonucleotides binding to mRNA 
sequences in the coding region so as to premit inhibition of 
synthesis of specific targeted proteins. The Examiner 
indicated that he was favorably impressed with this argument 
as distinguishing over the prior art. m light of the fact 
that the Examiner introduced new art, j^ia Miller et al. u. s. 
Patent No. 1,151,713, the finality of the previous rejection 
was withdrawn. 

The latest Office Action again includes rejections 
duplicating those of the previous Office Action, which 
rejections were discussed at the Interview of October 23, 
1985. in a recent telephone interview, the Examiner 
indicated to Ms. Campbell that the rejections were merely 
repeated for formal reasons. 

in the latest office Action, claims 1-4, 6-15, 
18-25, 27-37, 39, and 53 were rejected, and the Specification 
Objected to under 35 USC 112, first paragraph, as failing to 
provide an enabling disclosure. Specifically, it was 
asserted that the application does not provide evidence of 
the introduction of oligoribonucleotides into the cytoplasm 
Of the cells with which it is contacted, as it must in order 
to form the RNA-RNA hybrids as allegedly specified and 
claimed. 

As applicant has stated in previous papers, it is 
his belief that such uptake of oligoribonucleotides is 
Clearly confirmed by various references, most notably 
Befort. in any event, however, the rejected claims have been 
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cancelled and the new claims have been limited to 
oligodeoxyribonucleotides in accordance with the suggestion 
Of the Examiner in the office Action of May 8, 1985. This 
ground Of rejection is thus believed to have been obviated. 
Moreover, the Examiner indicated at the Interview of October 
23, 1985, that the newly cited Miller reference, U. S. Patent 
No. 1,151,713, corroborates uptake of oligonucleotides by 
cells. 

Claims 1-4, 6-15, 18-25, 27-37, 39, and 53 were 
rejected under 35 USC 112 as the specification is asserted 
not to be enabling for RNA-RNA hybridization. As noted 
above, the rejected claims have been cancelled. The 
substituted claims are limited to deooxyribonucleotides and, 
thus, it is again believed that this ground of rejection is 
obviated. 

Claims 14, 16, 17, and 27 were rejected under 35 USC 
112, second paragraph, for lacking antecedent basis for 
certain claims. Again, in light of the amendment herein, 
these informalities have been overcome. 

Claims 1 and 3-19 were rejected under 35 use 103 as 
being unpatentable over itakura et al. in view of either 
Paterson et al. or Hastie et al. All claims were also 
rejected under 35 USC 103 in view of the above references and 
also in view of any one of Pluskal et al, Pitha (CRC Press) , 
Befort et al., Arya et al. (Molec. Pharmacol, or BBRC) , 
Summerton, Tennant et-al.. Miller et al. (Biochem. 16:i988), 
Stephenson et al., Zamecnik et al., or Stebbing et al. The 
Examiner has previously alleged that Itakura discloses the 
synthesis of oligonucleotides and the secondary and tertiary 
references disclose inhibition of protein synthesis and the 
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introduction of oligonucleotides into cells, m his 
Amendment dated December 4, 1984, applicant has previously 
presented references and arguments indicating that the 
present invention is not rendered obvious by the cited 
references. Applicant will not repeat this material here in 
light of the present amendment which restricts all claims to 
oligodeoxyribonucleotides which are introduced into cells so 
as to inhibit protein synthesis. As has been previously 
stated, neither alone nor in combination do the cited 
references disclose or suggest the introduction of 
Oligonucleotides complementary to specific portions of the 
coding region of an organism's mRNA so as to inhibit 
synthesis of the particular targeted proteins. Moreover, in 
the claims, as now amended, these restrictions are explicit, 
an argument with which the Examiner indicated his favorable 
impression at the Interview of October 23, 1985. 

All claims have been rejected under either 35 use . 
102 or 35 use 103 on the basis of newly cited art, namely 
U. S. Patent No. 4,469,863 to Ts'o et al. (it is assumed 
that the Office Action-s listing of claim 43 was a 
typographical error, and should have read claim 53). The 
Examiner alleges that Ts'o teaches specific inhibition of 
protein synthesis by using oligonucleotides complementary to 
JnRNA. Applicant respectfully traverses this ground of 
rejection. 

The Ts'o reference involves synthetic 
Oligonucleotide aryl and alkyl phosphonates for use primarily 
in intracellular binding to transfer RNA anticodona or to 
transfer RNA amino acyl acceptor stems. Transfer RNA's so 
bound at the anticodon site are either unable to reach amino 



-12- 



Serial No. 06/314,124 



acids or are unable to recognize and bind to the 
complementary codon of the messenger RNA and thus protein 
synthesis is allegedly inhibited. 

While the reference purports to teach that such tRNA 
binding can be used to accomplish specific inhibition of a 
selected nucleotide sequence so as, for example, to inhibit 
the growth Of tumor cells of viruses, the examples 
specifically teach away from the use of these 
Oligonucleotides to inhibit in vivo protein synthesis, as 
taught specifically in the present application. 

Ts'o tested the effect of short homooligo-A 
deoxyadenosine (d-A^.^) methyl phosphonate in bacterial 
and mammalian cells and cell-free systems, m the cell free 
system, While some effect was noted on synthetic poly-A and 
poly-U messages, significantly no effect was observed on the 
translation of globin mRNA. The rabbit beta-globin 
polypeptide has some 3 phenylalanine residues coded for by 
the triplet U-u-u. m addition, there are seven other 
positions in beta-globin mRNA to which the tetrameric 'methyl 
phosphonate should bind. Therefore, were Ts-o's 
Oligonucleotides truly capable of combining with the message 
so as to inhibit translation, an effect on globin synthesis 
would be Observed. The fact that the inventors detected no 
such effect suggests that, in fact, these oligonucleotides 
are incapable of blocking translation of the message. 
Moreover, the fact that significant effects were observed on 
synthetic poly-A as well as poly-u mRNA suggests some sort f 
competitive interaction with tRNA rather than specific 
hybridization with the homopolymer template. 

in testing their methyl phosphonate oligonucleotides 



-13- 



Serial No. 06/314,124 

on aamalian cells, Ts-o was able to establish uptake, as 
taught in the present application. Further, inhibitory 
effects on colony formation were observed in both bacterial 
and mamalian cells in culture. However, significantly, the 
inventors note at Column 26, lines 5-7 that "no inhibitory 
effects in cellular protein or DNA synthesis could be 
detected in the presence of [the stabilized oligonucleotides] 
by the present assay procedures." 

Several explanations for the effect of the methyl 
Phosphonate oligonucleotides are proposed. As Ts-o states at 
column 27, lines 17-19, their observations "suggest that 
inhibition [Of cell-free aminoacylation] occurs as a result 
Of Oligomer binding to the ~ -u-u-U - anticodon loop of the 
tRMA." It is noted that the results presented are 
kinetically consistent with interaction with the anticodon 
loop sequence. Moreover, because of evidence that the 
anticodon loop of the lysine tRNA in E. coH is related to 
the synthetic recognition site, the effect may derive from 
interference with the coupling of the amino acid to the 
corresponding transfer RNA. 

Thus, it is apparent that in contrast to the 
Examiner's suggestion that methyl phosphonate 
oligonucleotides in Ts-o could be utilized to specifically 
control and inhibit protein synthesis in vivo, the 
experimental evidence presented in the Ts'o specification 
actually teaches away from such a use. while the data is 
consistent with methyl phosphonate oligonucleotides binding 
anticodons, nowhere do the results indicate that the 
oligonucleotides are selectively binding with the portion of 
the mRNA coding for specific proteins, in fact. ... .... 
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T^'O ^vi^pnMnq 1.c„ nr inhibiting ^ ..k.^ ,. , 

gi,yeptXY in ^ Hc^te that .,,.h ^....n.». ^^ yu^ tinn 

Parenthetically, in Column 28, lines 24-28, the 
patent refers to "forming complexes with the poly (U) 
message." Because, as indicated above, there is no 
suggestion that any inhibition observed was due to binding of 
the methyl phosphonate oligonucleotides to the poly-u 
template, the word "message" in this context must refer only 
to the homopolymer template, which is in no way equivalent to 
naturally occurring messenger RNA. This distinction is 
forcefully shown by the clear cut lack of inhibition of 
globin synthesis, the only actual "messenger" against which 
he tested the methyl phosphonates . 

in contrast to the teachings of Ts'o, the present 
application involves oligodeoxyribonucleotides, the 
nucleotide sequence of which is chosen so as to bind 
specifically with the nucleotide sequence of m in order to 
effect inhibition of the translation of snecific targeted 
proteins. Because of the short length of the methyl 
phosphonates disclosed in Ts'o and their evident lack of 
effect on natural mRNA, these compounds are not capable of 
providing a mechanism of selsstivs inhibition of protein 
synthesis, m fact, the Ts'o reference clearly states at 
column 25, lines 8-9, that there was no indication whatsoever 
Of translation inhibition in vivo. Therefore, the Ts'o 
reference, far from anticipating the present application or 
rendering it obvious, teaches away from the invention. 

In summary, applicant points out that the cited art 
does not provide a basis for concluding that the present 
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invention is anticipated or obvious. Further, applicant has 
amended the claims in accordance with the discussion at the 
recent interview with the Examiner so as to overcome the 
Examiner's previous grounds of rejection, m light of the 
foregoing, it is respectfully believed that reconsideration 
and allowance of all the applicant's claims is in order. 

Respectfully submitted, 

FULWIDER, PATTON, RIEBER, LEE & UTECHT 

Cathryn Campbell 
Registration No. 31,815 
Attorney for Applicant 



CAC/ah 

pcl22178molec 

3435 Wilshire Blvd. ste. 2400 
Los Angeles, California 90010 
Tel. No. (213)380-6800 
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DATE MAILED; 



5e/oiv i9 a communication from the EXAMINER in chargo of tbia application 



COMMISSIONER OF PATENTS AND TRADEMARKS 
ADVISORY ACTION 



■ION 

B THE PERIOD FOR RESPONSE: ^ j^i^ ' 

0 is extended to run 4 mODth ^O"' dat^of the Final Rejection 
D continues to run 



MAR 2 7 1989 
Pretty, Schroeder, Bruegeenann & Clark 



. from the date of the Final Rejection 



□ expires three months from the date of the final rejection or as of the mailing date of this Advisory Action, whichever is later. In n(. 
event however, will the statutory period for response expire later than six months from the date of the final rejection. 

Any extension of time must be obtained by filing a petition under 37 CFR 1.136(a). the proposed response and the appropriat. 
fee. The date on which the response, the petition, and the fee have been filed is the date of the response and also the date for thf 
purposes of determining the period of extension an'l ti.e corresponding amount of the fee. Any extension fee pursuant to 37 CFf 
1.17 will be calculated from the date that the shortened statutory period for response expires as set forth above. 

□ Appellant's Brief is due in accordance with 37 CFR 1.192(a). 

B Applicant s response to the final rejection, filed 03/07/89 has been considered with the following affect, but it ts not deemed U 
place the application in condition for allowance: 

1. □ The proposed amendments to the claim and/or specification will not be entered and the final rejection stands because: 

a. □ There is no convincing showing under 37 CFR 1.116(b) why the proposed amendment is necessary and was not earlie 

presented. 

b. □ They raise new issues that would require further consideration and/or search. (See Note). 

c. □ They raise the issue of new matter. (See Note). 

d. □ They are not deemed to place the application in better form for appeal by materially reducing or simplifying the issues fc 

appeal. 

e. □ They present additional claims without cancelling a corresponding number of finally rejected claims, ^. 
NOTE: 



2. □ Newly proposed or amended claims would be allowed if submitted in a separately filed amendment cancelling th' 

non-allowable claims. 

3. B Upon the filing of an appeal.xaeX OTQMnVDf ri»Mtit»WMTi=^7CTfy r» y n xM rnami^ 

the status of the claims in thi: 

application would be as follows: 

Allowed claims: Nono 

Claims obiected to: ^qj^q 

Claims rejected: 5 <>» 5 6-6 0 , ■ 66 - 7 4 » 7 6 , apd 78 - 8 2 i 

However; 

a. □ The rejection of claims on references is deemed to be overcome by applicant's response. 

b. □ The rejection of claims on non-reference grounds only Is deemed to be overcome by applicant's response. 

4. □ The affidavit, exhibit or request for reconsideration has been considered but does not overcome the reiectton. 

5. □ The affidavit or exhibit will not be considered because applicant has not shown good and sufficient reasons why tt was not eartle 

presented. 

□ The proposed drawing correction □ has □ has not been approved by the examiner. 
C Other 

See page 2* 
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The objection and rejection under 35 USC 112 (Office 
action mailed November 14, 1988, last two paragraphs 
on page 2) stand for reasons already of record. Applicant 
has not responded to this objection and rejection. 

The rejection under 35 U5C 102(e) or in the alternative 
under 35 USC 103 over Ts'o et al ('863) (Office action 
mailed November 14, 1988, paragraph running from pages 
3 through 5) is withdraw in view of the Declaration 
Under 37 CFR I.131 filed torch 7, 1989. It has been 
presumed that the exhibits referred to in the declaration 
by Roman numerals are actuslly the exhibits accompanying 
the declaration that are labeled with Arabic numerals. 

The rejection under 35 USC 103 (Office action mailed 
November I4, 1988, first full paragraph on page 3 stands 
essentially for reasons already of record. Applicant's 
arguments (paper no. 40) are not convincing because Miller 
et al discloses oligonucleotide ethyl phosphotriesters to. 
be resistant to degradation by nucleases (e.g., see Miller 
et al at page 1988, first paragraph of the text of the 
article). Applicant's argument in connection with Miyoshi 
et al (the "Miyake" referred to by applicant?) is unconvincing 
because Miyoshi et al is cited only to show synthesis of 
longer oligonucleotides to be routine. The argument that 
Miller et al does not teach the invention is unconvincing 
because the rejection is under 35 USC 103, not 35 USC 102. 

Any inquiry concerning this communication should be 
directed to J. Martinell at telephone number (703) 
557-0664. 

Martinell 
03/21/89 




JAMES MARTINELL, Ph.D. 
Examiner a/ 

Art Unit jUTz/r 
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PATENT 

Our Docket: P31 8026 

RESPONSE UNDER 37 CFR 1.116 
EXPEDITRn PROPRnTTPff 
EXAMINTMC GROTTP Iflg 



IN THE UNITED STATES PATENT AND "mDEMARK OFFICE 



In re application of: 
Richard H. Tullis 

Serial No. : 140,916 

Filed: December 29, 1987 

For: OLIGONUCLEOTIDE 

THERAPEUTIC AGENT AND 
METHOD OF MAKING SAME 



Group Art Unit: 185 
Examiner: j. Martinell 



Los Angeles, CA 90071 
March 3, 1989 



RESPQNSR 

Hon. Commissioner of Patents 

and Trademarks 
Box AF 

Washington, D.C. 20231 
Sir: 

fro. r I ■^"■^'^ Co»,u„l=ation 

extension of tx„e. Therefore, a response is due March U, 



REMARKS 



Applicant respectfully requests the Examiner reconsider 
and withdraw the various grounds of rejection set forth " 

0 ce^er 



Co»unication. ZeCZ.t'T:!.* ^ 

v.-:ti;t;r- L'.ii;..:; Sv; . 



marKs. V.'asninstM, D.C. £c:-i. rn 2.i!^z2l^ 



EXHIBIT M Da;j tf oivx"'.' 



In the December 9, 1988 communication from the Examiner, 
applicant's Declaration Under 37C.F.R. 1.31 submitted with a 
November 21, 1988 Preliminary Amendment was alleged improper. 
Applicants submit herewith a Supplemental Declaration Under 
37 C.F.R. 1.31 by Richard H. Tullis, the inventor of the 
subject application. 

The enclosed Supplemental Declaration and the attached 
Exhibits establish that the present invention was conceived 
prior to November 12, 1980, the effective date of the T'so 
Patent as a reference under 35 U.S.C. 102(e) or 103. 
Moreover, the attached Exhibits demonstrate the diligence of 
Applicant and his attorney in pursuing filing the 
application. As Exhibits IV to VII indicate, the application 
went through a nvimber of revisions including extensive 
modifications. As will be appreciated, the present invention 
was developed during a period when the technology relating to 
the use of oligonucleotides was in its infancy. 

The subject matter of the above-identified application 
and its parent application is quite technologically complex. 
At the time that the original application was filed, October 
21, 1981, biotechnology patent protection was in its infancy. 
The decision in Diamond vs Chakrabarty, which set the stage 
for claiming biotechnological innovations, came down on June 
16, 1980. Patent attorneys were scrambling to understand the 
full impact of this decision. Moreover, the above-identified 
application, being a pioneering effort in the field, required 
considerably more attention to such issues as providing an 
enabling disclosure and accurately claiming the invention 
than would an application in a more mature technology. 

Thus, Applicant submits that pursuant to 35 C.F.R. 1.31 
the date of Applicant's conception of the invention prec ded 



that of the filing of the T»so reference, and that the 
inventor and his attorneys diligently pursued filing of the 
application. The reference should therefore be removed. 



In the November 14, 1988 Office Action, the Examiner 
continued the rejection of all claims as obvious under 35 
U.S.C. 103 over the combinations of references to Itakura, 
Paterson, Hastie, Summerton and Miller. Applicant vigorously 
traverses these grounds of rejection. As will be noted from 
the prosecution history, Applicant has repeatedly 
distinguished over the teachings for which the Examiner has 
cited these combined references. For example, in the 
Amendment filed April 4, 1986, all claims were limited to 
deoxyribonucleic acids. 



The Examiner has once again cited these references, 
emphasizing now the teaching of Miller which allegedly 
teaches inhibition by oligonucleotides longer than the 
trimers actually utilized by Miller. As Applicant has 
previously pointed out, any such "teaching" is merely 
speculation, particularly in light of Miller's concurrent 
teaching that making longer oligonucleotides is not feasible. 
The Examiner has asserted that the production of such longer 
oligonucleotides "has long been routine in this art." 
(Office Action mailed June ll, 1987.) Were such 
oligonucleotides within the purview of those skilled in the 
art at the time in question. Applicant would pose the 
question: Why did Miller not utilize such longer 
oligonucleotides? 



The reference to Miyake cited merely as interest, is 
alleged to teach the synthesis of oligonucleotides. In fact, 
Miyake, although utilizing the phosphotriester method of 
oligonucleotide synthesis, does not teach the synthesis of 
phosphotriesters. On page 3637, line two, he refers to the 



4 



removal of p-chlorophenyl . Moreover, he indicates that the 
product of the synthesis was partially digested with 
phosphodiesterase, unlike the product of the present 
invention which is resistant thereto. Applicant maintains 
his position that, if the synthesis of stabilized 
oligonucleotidase such as phosphotriesters was known to those 
skilled in the art. Miller, who was undoubtedly skilled in 
the art, would have employed such oligonucleotides, rather 
than merely speculating as to their effects. 

For the foregoing reasons, Applicant believes that the 
claims in the above-identified test are in condition for 
allowance and urges that a notice to this effect be 
forthcoming. 



PRETTY, SCHROEDER, 

BRUEGGEMANN & CLARK 
444 South Flower Street 
Suite 2000 

Los Angeles, California 90071 



Respectfully submitted. 




Reg. No. 31,815 
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PATENT 

Our Docket: P31 8026 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re application of: 
Richard H. Tullis 

Parent Ser. No.: 140,916 

Parent Filed: December 29, 1987 

For: OLIGONUCLEOTIDE THERAPEUTIC 
AGENT AND METHODS OF MAKING 
SAME 



February 8, 1989 

DECLARATTQN UNDER 37 C.F.R. I.m 

Hon. Coiranissioner of 

Patent & Trademarks 
Washington, D.C. 20231 

Sir: 

I, Richard H. Tullis, residing at 1320 Saxony Road, 
Leucadia, California 92024, declare as follows: 



Group Art Unit: 
Examiner: J.Martinell 



Los Angeles, CA 90071 



1. I am the inventor who, on October 23, 1981, filed 
an application for United States Letters Patent entitled. 
Oligonucleotide Therapeutic Agent and Method of Making Same, 
which application was given Serial No. 314,124. On 
information and belief, based on statements made to me by 
Cathryn Campbell, attorney of record of the above-identified 
application, Serial No. 140,916 is a Continuation of Serial 
No. 002,014, which was, in turn a Continuation of Serial NO. 
314,124. 



2. The invention disclosed and claimed in Serial No. 
314,124, and now claimed in Serial No. 140,916, was conceived 



EXHIBIT N 



f 



by me in this country prior to 
in support of conception prior 
through III, attached hereto. 
Exhibits have been obliterated, 
predate November 12, 1980. 



November 12, 1980. Attached 
to this date are Exhibits I 
Although the dates on the 
I have reviewed them and all 



3. .Exhibit I is a copy of a letter from me to William 
M. Smith, Esq. , then associated with the firm of Fulwider, 
Patton, Rieber, Lee & Utecht, and one of the attorneys with 
whom I interfaced in the preparation and filing of the 
application. It was dated by me prior to November 12, 1980. 
The letter sets forth the essential elements of the invention 
in sufficient detail to permit one skilled in the art to 
practice the invention without undue experimentation. On the 
last page, it states that "this idea first occurred to 

™® the afternoon of [a date preceding November 12, 

1980] 



4. Exhibit II is a copy of a letter from me to William 
Smith, Esq. which was dated by me and stamped as received by 
the Fulwider firm. Both dates predate November 12, 1980. 
The letter discloses the invention. On information and 
belief, based on statements made to me by Cathryn Campbell, 
attorney of record in the pending patent application, it was 
the policy of the Fulwider firm that correspondence received 
by the firm was stamped with the date received. 
Correspondence was then attached to the appropriate file. 
The letter expands at length on the specific details of th 
invention. 

5. With diligence, I proceeded to file an application 
on the invention. Becaus^ of the complexity of the subject 
matter of the invented?, had extensive and continuing 
interaction with the attorneys preparing the application, 
including personal meetings, telephone calls and meetings. 
On information and belief, based on statements made to me by 



Cathryn Campbell, attorney of record in 'the pending patent 
application, the files in her possession contain evidence of 
the diligence of the attorneys and the inventor in filing the 
original application. Such evidence includes documents 
indicating extensive interaction between the attorneys and 
the inventor including memos of telephone conversations, 
indications of personal meetings, and drafts of applications. 
Various of these documents are identified and submitted 
herewith as Exhibits IV through VII. 

6. Exhibit IV is a copy of a letter dated prior to 
November 12, 1980, from me to William Smith, Esq., which 
accompanied disclosure materials and instructed Mr. Smith to 
"fire away." Certain material unrelated to the date of the 
letter has been obliterated. 

7. Exhibit V is a copy of a letter from me to William 
Smith, Esq. dated February 4, 1981, accompanying a first 
draft of the patent. I indicated therein that much work on 
the patent "remains to be done." Certain material unrelated 
to the date has been obliterated. 

8. Exhibit VI is a copy of a letter from me to William 
Smith, Esq., dated February 23, 1981, accompanying literature 
related to the invention. Certain material unrelated to the 
date has been obliterated. 



9. Exhibit VII is a copy of a letter from me to 

William Smith, Esq., dated June 1, 1981, accompanying a 

revised draft of the application and indicating that it is 
still incomplete. 



10. On information and belief, based on statements made 
to me by Cathryn Campbell, attorney of record in the pending 
patent application, the file contains other letters, 
documents and telephone memos indicating a continuing 



interaction between me and Mr. Smith relating to the 
preparation and filing of the application. 

I hereby declare that all statements made herein of my 
own knowledge are true and that all statements made on 
information and belief are believed to be true; and further 
that these statements are made with the knowledge that 
willful false statements and the like so made are punishable 
by fine or imprisonment, or both, under Section 1001 of Title 
18 of the United States Code and that such willful false 
statements may jeopardize the validity of the application of 
any patent issued thereon. 

Dated: /^j^dA/lY ^, 1^6^ 
Enc: 

Ex I - Letter 

Ex II - Letter 

Ex III - Information Sheet 

Ex IV - Letter 

Ex V - Letter 

Ex VI - Letter 

Ex VII - Letter 
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